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ABSTRACT	  	  The	  South	  River	  watershed	  in	  western	  Virginia	  has	  a	  history	  of	  mercury	  contamination	  from	  past	  industrial	  practices.	  	  My	  study	  demonstrates	  how	  Bayesian	  networks	  can	  be	  used	  to	  conduct	  an	  environmental	  risk	  assessment	  of	  aquatic	  and	  riparian	  environments	  to	  assess	  the	  overall	  effects	  of	  mercury	  contamination	  to	  target	  species	  in	  the	  South	  River.	  The	  risk	  assessment	  focused	  on	  two	  species	  of	  fish,	  one	  game-­‐fish,	  smallmouth	  bass	  and	  one	  non-­‐game	  fish,	  white	  sucker	  and	  two	  species	  of	  birds,	  one	  piscivorous,	  Belted	  Kingfisher	  and	  one	  insectivorous,	  Carolina	  Wren.	  	  By	  examining	  the	  exposure	  pathways	  through	  various	  habitats	  in	  the	  study	  area,	  I	  created	  a	  conceptual	  model	  that	  linked	  the	  sources	  of	  mercury	  through	  cause	  and	  effect	  pathways	  to	  the	  potentially	  impacted	  target	  species.	  	  From	  this	  conceptual	  model,	  a	  three-­‐tiered	  Bayesian	  network	  was	  constructed	  to	  represent	  not	  only	  the	  impacts	  of	  mercury	  but	  also	  the	  complex	  interactions	  and	  overall	  risk	  from	  other	  common	  chemicals,	  ecological	  stressors	  and	  habitat	  stressors.	  The	  model	  outputs	  and	  sensitivity	  analysis	  showed	  that	  mercury	  is	  one	  of	  the	  two	  top	  factors	  determining	  risk	  to	  fish	  and	  birds	  in	  the	  South	  River	  for	  at	  least	  one	  of	  the	  six	  regions	  in	  the	  South	  River	  study	  area.	  	  The	  results	  of	  this	  study	  demonstrate	  that	  Bayesian	  networks	  can	  be	  used	  to	  calculate	  risk	  for	  multiple	  stressors,	  and	  that	  they	  are	  a	  powerful	  tool	  for	  informing	  future	  management	  strategies	  for	  the	  restoration	  of	  the	  South	  River	  watershed.	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INTRODUCTION	  	  The	  goal	  of	  this	  research	  was	  to	  demonstrate	  the	  utility	  of	  Bayesian	  networks	  (BNs)	  as	  a	  tool	  to	  perform	  a	  watershed-­‐scale,	  multiple-­‐stressor	  ecological	  risk	  assessment	  for	  the	  South	  River	  study	  area	  (SRSA).	  	  Portions	  of	  the	  SRSA	  are	  contaminated	  by	  mercury	  from	  past	  industrial	  practices	  at	  the	  former	  DuPont	  plant	  in	  Waynesboro,	  VA.	  	  The	  site	  is	  also	  affected	  by	  other	  chemical,	  biological	  and	  physical	  stressors	  from	  the	  land-­‐uses	  surrounding	  the	  river	  making	  it	  a	  great	  case	  study	  to	  demonstrate	  the	  power	  of	  Bayesian	  networks	  to	  account	  for	  the	  interactions	  of	  stressors	  in	  calculating	  risk	  to	  ecological	  receptors.	  	  This	  assessment	  characterizes	  the	  risk	  to	  two	  aquatic	  and	  two	  terrestrial	  species	  resulting	  from	  the	  interactions	  of	  site	  and	  species-­‐specific	  stressors.	  	  The	  ecological	  risk	  assessment	  will	  also	  be	  used	  as	  a	  modeling	  framework	  to	  run	  different	  management	  scenarios,	  incorporate	  future	  monitoring	  data,	  and	  to	  assist	  in	  the	  restoration	  efforts	  for	  the	  region.	  	  The	  next	  sections	  of	  this	  introduction	  provides	  a	  background	  in	  regional	  ecological	  risk	  assessment	  and	  discusses	  why	  Bayesian	  networks	  are	  a	  useful	  method	  for	  calculating	  risk	  in	  a	  watershed	  where	  many	  stressors	  are	  present.	  	  	  ECOLOGICAL	  RISK	  ASSESSMENT	  AT	  A	  WATERSHED	  SCALE	  A	  regional-­‐scale	  ecological	  risk	  assessment	  (ERA)	  is	  a	  summary	  of	  the	  complex	  interactions	  and	  effects	  of	  chemical	  and	  non-­‐chemical	  stressors	  on	  ecological	  endpoints	  (Weigers	  et	  al.	  1998).	  	  In	  my	  study,	  the	  ERA	  is	  a	  calculation	  of	  the	  risk	  to	  aquatic	  and	  aquatically	  dependent	  species	  in	  the	  South	  River	  and	  also	  supports	  the	  assessment	  of	  ecological	  services	  supplied	  by	  the	  river	  and	  potential	  human	  health	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effects.	  	  Risk	  is	  a	  combination	  of	  the	  severity	  and	  the	  probability	  of	  an	  effect	  to	  an	  endpoint	  from	  a	  given	  stressor	  (Suter	  1993),	  which	  I	  will	  show	  can	  be	  calculated	  using	  Bayesian	  networks.	  	  This	  assessment	  is	  part	  of	  a	  larger	  effort	  to	  synthesize	  the	  results	  of	  a	  vast	  amount	  of	  scientific	  research	  being	  completed	  by	  members	  of	  the	  South	  River	  Science	  Team	  (SRST)	  to	  investigate	  the	  effects	  from	  legacy	  mercury	  contamination.	  	  Data	  collection	  and	  research	  is	  part	  of	  a	  100-­‐year	  monitoring	  and	  restoration	  effort	  and	  thus	  new	  information	  is	  being	  gathered	  continuously	  to	  investigate	  the	  complex	  interactions	  of	  mercury	  and	  a	  limited	  set	  of	  additional	  stressors.	  	  South	  River	  Science	  Team	  members’	  research	  span	  both	  biological	  and	  chemical	  interactions	  all	  of	  which	  come	  together	  to	  create	  a	  greater	  understanding	  of	  the	  effects	  ecological	  endpoints.	  	  For	  these	  reasons,	  it	  was	  important	  to	  select	  a	  risk	  assessment	  method	  that	  could	  describe	  these	  interactions,	  handle	  geospatially	  distributed	  data	  and	  adapt	  to	  the	  new	  information	  being	  gathered	  without	  requiring	  a	  completely	  new	  risk	  assessment	  to	  be	  performed	  (Ayre	  and	  Landis	  in	  press,	  Nybers	  et	  al.	  2006,	  Pollino	  et	  al.	  2007,	  Pollino	  and	  Hart	  2008).	  	  	  When	  investigating	  interactions	  of	  multiple	  stressors	  and	  various	  effects,	  a	  variety	  of	  data	  types	  are	  generated	  making	  difficult	  to	  incorporate	  into	  one	  ERA	  method.	  	  Therefore,	  it	  is	  important	  to	  have	  an	  ERA	  method	  that	  can	  not	  only	  use	  all	  forms	  of	  data	  such	  as	  exposure	  measurements,	  toxicological	  measurements,	  habitat	  metrics,	  survey	  results,	  expert	  opinion	  and	  others,	  but	  also	  describe	  and	  propagate	  the	  associated	  uncertainty.	  Few	  methods	  are	  capable	  of	  handling	  all	  of	  these	  requirements	  without	  sacrificing	  specificity	  in	  one	  area.	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The	  process	  of	  evaluating	  ecological	  risk	  assessments	  using	  the	  Relative	  Risk	  Model	  (RRM)	  has	  the	  benefits	  of	  handling	  data	  on	  watershed-­‐scale.	  	  For	  the	  purposes	  of	  this	  study,	  a	  watershed-­‐scale	  is	  defined	  as	  the	  entire	  watershed	  from	  the	  headwaters	  of	  the	  South	  River	  to	  the	  confluence	  with	  the	  South	  Fork	  of	  the	  Shenandoah	  River,	  not	  just	  the	  contaminated	  sections	  of	  the	  river	  and	  floodplains.	  	  Ayre	  and	  Landis	  (in	  press)	  shows	  how	  Bayesian	  networks	  can	  be	  applied	  as	  a	  tool	  to	  the	  RRM	  to	  describe	  the	  interactions	  of	  multiple	  stressor	  scenarios	  and	  explicitly	  showing	  uncertainty	  in	  the	  probability	  distribution	  and	  risk	  propagation.	  The	  RRM	  is	  a	  model	  used	  in	  numerous	  risk	  assessments	  with	  a	  variety	  of	  stressors,	  endpoints	  and	  geographical	  characteristics	  to	  describe	  risk	  (Elmetri	  et	  al.	  2005,	  Obery	  and	  Landis	  2002,	  Weigers	  et	  al.	  1998)	  but	  is	  not	  the	  most	  flexible	  for	  incorporating	  new	  information.	  Because	  of	  the	  added	  importance	  of	  flexibility	  to	  new	  data,	  my	  study	  used	  BNs	  as	  a	  tool	  to	  calculate	  the	  probability	  and	  severity	  of	  an	  effect	  to	  the	  chosen	  receptors.	  	  Our	  group	  also	  performed	  a	  risk	  assessment	  using	  the	  RRM	  for	  independent	  comparisons	  of	  the	  overall	  results,	  which	  will	  not	  be	  reported	  in	  the	  scope	  of	  this	  research.	  	  	  	  BAYSIAN	  NETWORKS	  Bayesian	  networks	  are	  hierarchical,	  graphical	  models	  that	  describe	  relationships	  between	  model	  variables	  or	  stressors,	  in	  the	  case	  of	  ERAs,	  using	  conditional	  probability	  distributions.	  The	  graphical	  format	  of	  BNs	  lends	  itself	  to	  compactly	  represent	  the	  net	  probability	  distribution	  for	  a	  given	  set	  of	  parameters	  that	  describe	  the	  system	  of	  interest	  (Pearl	  2000).	  Bayesian	  networks	  allow	  stakeholders,	  scientific	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experts,	  and	  decision-­‐makers	  to	  visually	  consider	  and	  describe	  variables	  relevant	  to	  the	  study	  site	  and	  their	  interdependencies	  by	  drawing	  causal	  pathways	  that	  are	  linked	  by	  conditional	  probabilities.	  	  They	  use	  conditional	  probabilities	  to	  describe	  potential	  outcomes	  based	  on	  given	  evidence.	   	  Recently	  BNs	  have	  been	  applied	  to	  describe	  ecological	  systems	  (Borsuk	  et	  al.	  2004,	  Borsuk	  et	  al.	  2011,	  Marcot	  et	  al.	  2001,	  Marcot	  et	  al.	  2006,	  Pollino	  et	  al.	  2007,	  Rowland	  et	  al.	  2003)	  and	  as	  a	  framework	  for	  environmental	  risk	  assessments	  and	  informing	  research	  and	  monitoring	  to	  support	  decision-­‐making	  (Ayre	  and	  Landis	  in	  
press,	  McCann	  et	  al.	  2006,	  Nyberg	  et	  al.	  2006).	  	  A	  BN	  can	  be	  constructed	  according	  to	  the	  following	  steps:	  1.)	  problem	  formulation;	  2.)	  development	  of	  a	  causal	  relationship	  between	  site-­‐specific	  variables;	  3.)	  parameterization	  of	  the	  model	  with	  probabilities	  for	  input	  variables	  and	  conditional	  probability	  tables	  that	  link	  variables;	  4.)	  model	  evaluation	  through	  sensitivity	  analysis	  to	  verify	  most	  sensitive	  variables	  and	  causal	  pathways;	  5.)	  updating	  of	  the	  model	  when	  new	  data	  become	  available	  (Pollino	  et	  al.	  2007).	  	  The	  causal	  structure	  and	  inherently	  iterative	  nature	  of	  BNs	  allows	  them	  to	  be	  easily	  adapted	  for	  use	  in	  ecological	  risk	  assessment	  and	  incorporated	  into	  the	  relative	  risk	  model.	  	  	  	   A	  shortcoming	  of	  many	  ecological	  risk	  assessments	  is	  that	  the	  methods	  and	  results	  are	  not	  easily	  communicated	  to	  stakeholders	  and	  decision	  makers	  especially	  when	  describing	  uncertainty	  (Ayre	  and	  Landis	  in	  press).	  Ayre	  and	  Landis	  (in	  press)	  demonstrate	  how	  BNs	  can	  help	  to	  add	  transparency	  to	  this	  process	  through	  its	  causal	  structure	  and	  graphical	  representation	  of	  the	  likelihood	  of	  risk	  in	  the	  form	  of	  probability	  distributions.	  	  They	  also	  show	  that	  BNs	  inherently	  incorporate	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uncertainty	  throughout	  the	  model	  by	  using	  conditional	  probability	  distributions.	  	  Bayesian	  networks	  are	  also	  capable	  of	  handling	  different	  types	  of	  data,	  including	  expert	  opinion	  and	  solicitations	  that	  often	  are	  associated	  with	  high	  levels	  of	  uncertainty	  possibly	  making	  them	  a	  more	  effective	  tool	  than	  approaches	  in	  describing	  complex	  ecological	  systems	  where	  high	  levels	  of	  uncertainty	  exist	  (Pollino	  and	  Hart	  2008).	  	  	   An	  advantage	  of	  using	  BNs	  for	  risk	  assessment	  over	  other	  methods	  is	  its	  ability	  to	  describe	  quantitatively	  the	  interdependence	  of	  variables.	  	  Through	  sensitivity	  analysis,	  it	  is	  possible	  to	  identify	  the	  primary	  variables	  and	  pathways	  that	  contribute	  to	  the	  overall	  risk	  as	  well	  as	  areas	  that	  require	  additional	  information	  to	  reduce	  overall	  uncertainty,	  which	  is	  directly	  applicable	  to	  guiding	  future	  research	  and	  monitoring.	  	  The	  adaptability	  of	  BNs	  to	  include	  new	  information	  makes	  it	  a	  viable	  tool	  for	  evaluating	  the	  effectiveness	  of	  best	  management	  practices	  on	  the	  overall	  predicted	  risk	  to	  important	  ecological	  endpoints	  and	  services.	  The	  BNs	  developed	  in	  this	  study	  will	  be	  used	  to	  assist	  the	  SRST	  in	  evaluating	  possible	  best	  management	  practices	  and	  remediation	  strategies	  for	  reducing	  the	  mercury	  contamination	  in	  sediment	  and	  prevent	  further	  transfer	  to	  biota.	   	  	  SITE	  HISTORY	  The	  South	  River	  is	  located	  in	  Augusta	  County,	  Virginia	  in	  the	  Shenandoah	  Valley.	  	  The	  headwaters	  of	  the	  South	  River	  form	  southwest	  of	  Waynesboro,	  Virginia	  and	  flow	  northward	  at	  total	  of	  84.7	  km	  to	  merge	  with	  the	  Middle	  River	  and	  North	  River	  in	  Port	  Republic,	  Virginia,	  to	  form	  the	  South	  Fork	  of	  the	  Shenandoah	  River.	  	  The	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South	  Fork	  of	  the	  Shenandoah	  continues	  flowing	  northward	  to	  Front	  Royal,	  Virginia,	  where	  it	  converges	  with	  the	  North	  Fork	  of	  the	  Shenandoah	  to	  form	  the	  Shenandoah	  River.	  The	  Shenandoah	  River	  eventually	  converges	  with	  the	  Potomac	  River,	  which	  later	  empties	  into	  the	  Chesapeake	  Bay	  (Eggleston	  2009).	  	  Figure	  1	  shows	  the	  South	  River	  with	  the	  study	  area	  outlined	  with	  regions	  defined	  by	  sub-­‐basins	  (Eggleston	  2009).	  	   The	  607.6	  km2	  South	  River	  watershed	  defined	  the	  study	  area	  of	  this	  risk	  assessment.	  	  The	  watershed	  is	  defined	  by	  the	  Blue	  Ridge	  Mountains	  to	  the	  south	  and	  southeast	  and	  a	  slow	  rise	  in	  elevation	  from	  hills	  bordering	  the	  watershed	  to	  the	  north	  and	  northeast	  (Eggleston	  2009).	  	  Our	  research	  team	  at	  Western	  Washington	  University	  divided	  the	  South	  River	  watershed	  into	  six	  risk	  regions	  based	  on	  the	  United	  States	  Geological	  Survey	  watershed	  hydrological	  sub-­‐basins	  and	  land-­‐use	  similarities.	  	  Figure	  1	  shows	  the	  South	  River	  watershed	  and	  division	  of	  risk	  regions	  starting	  upstream	  in	  region	  one	  to	  region	  six	  where	  the	  South	  River	  joins	  with	  the	  South	  Fork	  of	  the	  Shenandoah	  River.	  The	  primary	  land	  uses	  within	  the	  study	  area	  are	  forested	  (58%)	  and	  agricultural	  (31%)	  with	  a	  small	  portion	  of	  developed	  land	  (8%)	  mostly	  comprised	  of	  the	  cities	  of	  Waynesboro,	  Grottoes	  and	  Elkton	  (Eggleston	  2009).	  The	  significant	  amount	  of	  land	  used	  for	  agriculture	  within	  the	  SRSA	  results	  in	  other	  potential	  stressors	  to	  ecological	  receptors	  other	  than	  mercury.	  	  These	  land	  uses	  often	  introduce	  organic	  pollutants	  from	  agricultural	  and	  urban	  practices	  through	  point	  and	  non-­‐point	  discharges.	  	  Therefore,	  I	  included	  two	  of	  the	  most	  common	  chemical	  classes	  of	  contaminants,	  polyaromatic	  hydrocarbons	  (PAHs)	  and	  polychlorinated	  biphenyls	  (PCBs)	  as	  measures	  of	  potential	  exposure.	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   The	  source	  of	  mercury	  contamination	  in	  the	  South	  River	  came	  from	  a	  textile	  manufacturing	  plant	  owned	  by	  DuPont	  in	  Waynesboro,	  VA.	  	  Mercury	  sulfate	  was	  used	  as	  a	  catalyst	  in	  the	  textile	  manufacturing	  process	  from	  1929	  to	  1950	  and	  accidental	  losses	  resulted	  in	  widespread	  mercury	  contamination	  of	  the	  river	  (Bolgiano	  1980).	  	  Agricultural	  fungicides,	  mercury	  precipitation	  and	  mercury	  from	  hydraulic	  seals	  in	  industrials	  equipment	  are	  other	  documented	  sources	  of	  mercury,	  but	  are	  all	  insignificant	  compared	  with	  the	  mercury	  released	  from	  the	  plant.	  	  According	  to	  a	  study	  by	  Bolgiano	  (1980),	  the	  South	  River	  and	  adjacent	  flood	  plains	  contain	  an	  estimated	  26,000	  kg	  of	  mercury	  with	  an	  additional	  9,000	  kg	  deposited	  in	  the	  South	  Fork	  of	  the	  Shenandoah	  River	  and	  adjacent	  flood	  plains.	  	  Concentrations	  of	  mercury	  in	  sediment,	  water	  and	  biota	  have	  not	  changed	  appreciably	  since	  they	  were	  first	  identified	  in	  the	  1970s	  (Bolgiano	  1980,	  Old	  Dominion	  University	  1996,	  1997,	  1998,	  VDEQ	  1999,	  2008)	  prompting	  large	  amounts	  of	  research	  into	  the	  possible	  effects	  to	  ecological	  receptors	  and	  resources	  associated	  with	  the	  river.	  	  	   Mercury	  is	  most	  often	  found	  in	  its	  inorganic	  form	  bound	  to	  sediment	  in	  the	  South	  River.	  	  Mercury	  also	  exists	  in	  organic	  forms,	  most	  prominently,	  methylmercury.	  	  	  Methylation	  of	  inorganic	  mercury	  can	  occur	  in	  the	  upper	  layers	  of	  sediment	  where	  organic	  carbon	  is	  readily	  available	  creating	  organic	  methylmercury,	  the	  most	  bioavailable	  form	  of	  mercury.	  	  Mercury	  methylation	  rates	  in	  the	  South	  River	  are	  dependent	  on	  the	  following	  factors:	  soluble	  inorganic	  mercury	  in	  surface	  water,	  sediment,	  and	  pore	  water;	  methylating	  bacterial	  populations;	  temperature;	  dissolved	  oxygen;	  labile	  organic	  matter;	  electron	  acceptors;	  and	  nutrients	  (Flanders	  et	  al.	  2010).	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The	  toxicity	  of	  mercury	  varies	  depending	  on	  the	  form	  and	  speciation	  of	  mercury	  with	  methylmercury	  being	  more	  toxic	  than	  inorganic	  mercury.	  	  Cells	  absorb	  inorganic	  mercury	  slowly,	  making	  its	  toxicity	  less	  than	  organic	  forms	  of	  mercury.	  	  The	  lipophilic	  characteristics	  of	  methylmercury	  make	  it	  easily	  able	  to	  pass	  through	  cell	  walls	  and	  be	  absorbed	  in	  the	  tissues	  of	  organism	  where	  it	  can	  result	  in	  adverse	  effects	  such	  as:	  reduced	  reproduction,	  growth,	  mobility,	  etc.	  (Dillon	  et	  al.	  2010,	  Jackson	  et	  al.	  2011a,	  Scheuhammer	  et	  al.	  2007,	  Wolfe	  et	  al.	  1998).	  	  METHODS	  
Selection	  of	  Ecological	  Receptors-­‐	  The	  Institute	  of	  Environmental	  Toxicology	  and	  Chemistry	  at	  Western	  Washington	  University	  started	  a	  risk	  assessment	  of	  the	  South	  River	  in	  the	  summer	  of	  2011.	  	  As	  part	  of	  the	  initial	  conceptual	  model	  formation,	  they	  developed	  a	  list	  of	  receptors	  for	  evaluation	  based	  on	  the	  values	  of	  stakeholders	  in	  the	  South	  River	  and	  the	  South	  River	  Science	  Team.	  	  For	  my	  thesis,	  I	  chose	  to	  focus	  on	  a	  subset	  of	  this	  list	  to	  test	  the	  applicability	  of	  using	  Bayesian	  networks.	  	  This	  thesis	  focused	  on	  four	  target	  species:	  two	  species	  of	  fish,	  smallmouth	  bass	  (Micropterus	  
dolomieu)	  and	  white	  sucker	  (Catostomus	  commersoni)	  and	  two	  species	  of	  birds,	  Belted	  Kingfisher	  (Megaceryle	  alcyon)	  and	  Carolina	  Wren	  (Thryothorus	  ludovicianus).	  	  These	  species	  each	  represent	  different	  mercury	  exposure	  pathways	  and	  different	  values	  of	  the	  stakeholders.	  	  	  Smallmouth	  bass	  are	  an	  important	  game	  species	  in	  this	  watershed	  and	  are	  valued	  for	  both	  catch	  and	  release	  anglers	  (DelVecchio	  et	  al.	  2010).	  	  People	  in	  the	  South	  River	  specifically	  fish	  for	  smallmouth	  bass	  and	  value	  a	  healthy	  population	  for	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recreation.	  	  Smallmouth	  bass	  are	  at	  the	  top	  of	  the	  aquatic	  food	  web	  and	  therefore	  contain	  some	  of	  the	  highest	  mercury	  body	  burdens	  of	  all	  fish	  species	  sampled	  by	  the	  SRST	  (VDEQ	  2003).	  Though	  not	  valued	  as	  a	  game	  species,	  white	  suckers	  represent	  fish	  species	  on	  a	  lower	  trophic	  level	  than	  smallmouth	  bass	  (Murphy	  et	  al.	  2005).	  As	  an	  endpoint,	  white	  suckers	  are	  not	  valued	  for	  sport	  fishing;	  therefore,	  were	  selected	  as	  an	  endpoint	  that	  represents	  general	  aquatic	  health	  rather	  than	  recreation.	  	  They	  also	  represent	  a	  slightly	  different	  mercury	  exposure	  pathway	  as	  they	  are	  in	  greater	  contact	  with	  bottom	  sediments,	  which	  contain	  sediment-­‐bound	  inorganic	  mercury	  and	  are	  near	  to	  the	  source	  of	  methylated	  mercury	  when	  released	  by	  biological	  and	  chemical	  cycles.	  	  Belted	  Kingfishers	  are	  piscivours;	  therefore,	  acquire	  mercury	  primarily	  from	  their	  food	  source	  in	  the	  form	  of	  methylmercury.	  	  Contaminated	  fish	  contain	  body	  burdens	  of	  methylmercury	  that	  bioaccumulate	  and	  cause	  toxic	  effects	  to	  higher	  trophic	  predators	  such	  as	  in	  Belted	  Kingfisher	  that	  reside	  along	  the	  river	  year-­‐round.	  	  Though	  this	  species	  does	  not	  provide	  any	  direct	  economic	  ecological	  service	  to	  stakeholders	  in	  the	  SRSA,	  bird	  watchers	  and	  outdoor	  enthusiasts	  value	  their	  presence	  for	  aesthetic	  purposes.	  	  I	  included	  Carolina	  Wren	  as	  a	  target	  species	  in	  this	  study	  for	  the	  same	  reasons.	  	  Wrens,	  however,	  represent	  a	  different	  pathway	  of	  mercury	  exposure,	  as	  they	  are	  insectivores	  and	  likely	  obtain	  mercury	  by	  eating	  ground	  insects	  and	  spiders	  (Cristol	  et	  al.	  2008,	  Rimmer	  et	  al.	  2005).	  	  Members	  of	  the	  SRST	  demonstrated	  that	  mercury	  has	  adversely	  effected	  the	  nesting	  success	  of	  Carolina	  Wren	  along	  the	  South	  River	  (Jackson	  et	  al.	  2011a)	  and	  separately	  shown	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that	  mercury	  body	  burdens	  in	  Wren	  are	  elevated	  far	  downstream	  of	  the	  mercury	  source	  (Jackson	  et	  al.	  2011b).	  	  These	  two	  species	  of	  birds	  also	  represent	  varied	  life	  histories	  specifically	  in	  their	  habitat	  preferences.	  	  Kingfishers	  burrow	  in	  the	  banks	  of	  lakes	  and	  rivers;	  potentially	  exposing	  them	  to	  higher	  concentrations	  of	  soil	  bound	  contaminants	  such	  as	  inorganic	  mercury.	  	  Wren	  chose	  to	  nest	  on	  the	  ground,	  in	  trees,	  and	  even	  in	  barns	  or	  abandoned	  buildings.	  	  Unlike	  Kingfishers,	  Wrens	  are	  not	  averse	  to	  nesting	  in	  residential	  or	  developed	  areas	  potentially	  varying	  the	  overall	  risk	  spatially	  among	  the	  risk	  regions.	  	  
	  
Identification	  of	  Stressors	  –	  The	  first	  step	  in	  drawing	  the	  cause	  and	  effect	  pathways	  that	  form	  the	  base	  of	  the	  Bayesian	  network	  is	  to	  determine	  the	  sources	  of	  stress	  to	  the	  target	  species.	  	  Evaluation	  of	  potential	  stressors	  began	  with	  an	  extensive	  literature	  search	  for	  each	  target	  species	  listing	  all	  potential	  chemical	  contaminants,	  habitat	  considerations	  and	  ecological	  stressors	  based	  on	  life-­‐history	  profiles	  and	  current	  research.	  	  	  The	  literature	  search	  resulted	  in	  a	  unique	  set	  of	  stressors	  for	  each	  target	  species,	  an	  entire	  list	  can	  be	  found	  in	  Table	  1.	  I	  developed	  a	  set	  of	  criteria	  for	  selecting	  these	  stressors	  for	  inclusion	  in	  this	  risk	  assessment	  based	  on	  the	  following	  criteria:	  	  1.)	  Peer-­‐reviewed	  articles	  citing	  the	  effects	  of	  the	  stressor	  on	  the	  target	  species	  or	  unpublished	  support	  from	  a	  South	  River	  Science	  Team	  member.	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2.)	  Statistically	  significant	  effect	  of	  the	  stressor	  on	  the	  target	  species	  or	  multiple	  field	  studies	  identifying	  the	  variation	  of	  an	  effect	  in	  the	  field	  or	  in	  habitat	  surveys.	  	  3.)	  Availability	  of	  site-­‐specific	  measureable	  data	  for	  at	  least	  4	  risk	  regions	  in	  the	  South	  River	  study	  area.	  Several	  stressors	  failed	  to	  meet	  only	  the	  last	  criteria	  due	  to	  lack	  of	  site-­‐specific	  data,	  and	  therefore	  were	  excluded	  from	  this	  risk	  analysis	  but	  are	  still	  important	  to	  consider.	  	  These	  stressors	  will	  be	  discussed	  in	  later	  sections.	  	   The	  following	  is	  a	  discussion	  of	  the	  life	  history	  parameters	  of	  each	  target	  species	  that	  provides	  justification	  for	  the	  inclusion	  of	  these	  parameters	  as	  potential	  stressors	  in	  the	  ERA.	  	  	  
	  
Smallmouth	  Bass-­‐	  The	  smallmouth	  bass	  is	  a	  freshwater	  fish	  species	  that	  inhabits	  cool	  and	  warm	  rivers,	  streams	  and	  large	  creeks.	  	  They	  prefer	  clear	  water	  with	  gravelly	  and	  rocky	  substrates	  and	  typically	  occupy	  pools	  and	  runs	  and	  are	  a	  native	  species	  in	  western	  Virginia	  (Jenkins	  and	  Burkhead	  1994).	  	  Smallmouth	  bass	  are	  sensitive	  to	  changes	  in	  temperature	  (Horning	  and	  Pearson	  1973	  as	  cited	  in	  Armour	  1993,	  Whitledge	  et	  al.	  2006).	  	  Temperatures	  above	  27oC	  and	  below	  15oC	  can	  limit	  the	  growth	  of	  juvenile	  smallmouth	  bass,	  reduce	  spawning	  of	  adults	  and	  affect	  egg	  and	  fry	  survival	  (Horning	  and	  Pearson	  1973	  as	  cited	  in	  Armour	  1993).	  For	  this	  reason,	  I	  included	  river	  temperature	  as	  an	  ecological	  stressor	  in	  the	  smallmouth	  bass	  models.	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Smallmouth	  bass	  are	  a	  predatory	  species.	  	  In	  this	  watershed,	  they	  are	  known	  to	  consume	  aquatic	  insects	  (32.0%	  to	  47.9%),	  crayfish	  (18.6%	  to	  29.8%)	  and	  fish	  (22.1%	  to	  29.1%)	  with	  some	  variation	  depending	  on	  their	  life	  stage.	  	  As	  adults	  they	  exhibit	  the	  most	  piscivory	  of	  all	  fish	  studied	  in	  the	  South	  River	  (Murphy	  et	  al.	  2005).	  	  Due	  to	  their	  predatory	  feeding	  habitats,	  smallmouth	  bass	  are	  significantly	  affected	  by	  turbidity,	  which	  ultimately	  reduces	  their	  forage	  efficiencies	  (Carter	  et	  al.	  2010,	  Hubert	  and	  Lackey	  1980,	  USEPA	  2003).	  	  Water	  containing	  greater	  than	  20	  mg/L	  total	  suspended	  solids	  may	  result	  in	  decreases	  of	  prey	  consumption	  (Carter	  et	  al.	  2010).	  	  Water	  with	  even	  greater	  turbidity	  and	  suspended	  solids	  may	  even	  result	  in	  avoidance	  behaviors	  and	  onset	  of	  gill	  tissue	  damage	  in	  other	  piscivorous	  fish	  such	  as	  trout	  (USEPA	  2003);	  therefore,	  I	  included	  turbidity,	  measured	  as	  total	  suspended	  solids,	  as	  an	  ecological	  stressor.	  An	  angler	  survey	  conducted	  in	  2005	  by	  the	  Virginia	  Department	  of	  Game	  and	  Inland	  Fisheries	  (VADGIF)	  indicated	  that	  smallmouth	  bass	  and	  white	  suckers	  were	  caught	  by	  anglers	  in	  the	  South	  River	  with	  smallmouth	  bass	  being	  more	  heavily	  creeled	  than	  any	  other	  species	  (Bugas	  2005).	  	  From	  these	  surveys,	  the	  VADGIF	  report	  that	  69%	  of	  the	  smallmouth	  bass	  caught	  were	  released,	  which	  suggests	  that	  the	  remaining	  were	  harvested	  for	  food	  (Bugas	  2005)	  despite	  the	  consumption	  advisories	  on	  the	  river.	  Abundance	  of	  smallmouth	  bass	  in	  each	  risk	  region	  is	  a	  measure	  of	  the	  number	  of	  exposed	  fish	  with	  data	  taken	  from	  a	  creel	  sampling	  and	  not	  a	  measure	  of	  all	  fish	  present.	  	  I	  used	  relative	  abundance	  to	  represent	  the	  differences	  in	  exposure	  for	  each	  risk	  region.	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White	  Sucker-­‐	  The	  white	  sucker	  is	  a	  freshwater	  fish	  species	  that	  inhabits	  lacustrine	  and	  riverine	  environments	  across	  Virginia	  (Jenkins	  and	  Burkhead	  1994,	  Twomey	  et	  al.	  1984).	  White	  suckers	  are	  found	  in	  varied	  habitats	  with	  a	  range	  of	  gradients	  and	  substrates	  from	  clear	  water	  to	  heavily	  silted,	  vegetated	  to	  unvegetated,	  oligotrophic	  to	  eutrophic.	  	  They	  tend	  to	  occupy	  either	  deep	  pools	  or	  pools	  with	  some	  shelter	  (Jenkins	  and	  Burkhead	  1994).	  	  White	  suckers	  prefer	  stream	  segments	  with	  velocities	  less	  than	  90	  cm/sec	  and	  greater	  than	  14	  cm/sec	  and	  are	  most	  often	  found	  in	  pools	  where	  there	  is	  some	  cover	  either	  by	  stream	  vegetation	  or	  overhanging	  trees	  along	  the	  bank.	  	  They	  move	  upstream	  to	  spawn	  in	  spring	  and	  early	  summer,	  which	  is	  triggered	  by	  stream	  temperatures	  and	  velocities.	  	  Based	  on	  the	  life	  history	  parameters	  of	  whit	  suckers,	  I	  included	  temperature	  and	  stream	  cover	  in	  the	  BN	  for	  this	  species.	  Dissolved	  oxygen	  and	  pH	  are	  not	  often	  limiting	  habitat	  requirements	  for	  white	  suckers	  as	  they	  are	  tolerant	  to	  a	  wide	  range	  of	  values	  (Twomey	  et	  al.	  1984)	  and	  were	  not	  included	  in	  the	  model.	  	   	  White	  suckers	  are	  bottom	  feeders	  (Twomey	  et	  al.	  1984)	  and	  feed	  lower	  on	  the	  food	  web	  than	  smallmouth	  bass.	  	  Their	  diets	  are	  made	  up	  primarily	  of	  detritus	  (66.2	  to	  70.4%)	  and	  aquatic	  insects	  (20.4	  to	  25.5%)	  (Murphy	  et	  al.	  2005).	  	  Synder	  and	  Hendricks	  (1995)	  demonstrated	  a	  significant	  relationship	  between	  the	  amount	  of	  detritus	  consumed	  and	  mercury	  concentration	  in	  caddisfly	  (Hydropsyche	  morose)	  in	  the	  South	  River,	  suggesting	  this	  as	  a	  possible	  pathway	  of	  mercury	  exposure	  in	  white	  suckers.	  	  The	  ecological	  role	  and	  significance	  of	  white	  suckers	  is	  not	  well	  known;	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however,	  anglers	  in	  Virginia	  have	  been	  known	  to	  use	  white	  suckers	  as	  a	  baitfish	  (Jenkins	  and	  Burkhead	  1994).	  	   	  	  
Belted	  Kingfisher-­‐	  The	  piscivorous	  Belted	  Kingfisher	  inhabits	  aquatic	  habitats	  throughout	  most	  of	  North	  America.	  	  Kingfishers	  nest	  in	  earthen	  banks	  and	  perch	  in	  trees	  along	  the	  banks	  of	  clear	  open	  water	  in	  both	  lakes	  and	  rivers	  before	  diving	  for	  prey	  such	  as	  small	  fish	  and	  crayfish	  (Davis	  1982,	  Hamas	  1994,	  Prose	  1985).	  	  They	  are	  known	  to	  vigorously	  defend	  feeding	  territories	  along	  lake	  and	  riverbanks	  (Hamas	  1994).	  	  Their	  home	  range	  is	  typically	  1000	  linear	  meters	  when	  prey	  is	  plentiful	  (Davis	  1982).	  	  Kingfishers	  remain	  in	  defended	  territories	  of	  small	  spatial	  extent,	  which	  makes	  them	  great	  candidates	  for	  risk	  assessor	  to	  use	  to	  examine	  the	  effects	  of	  geospatially-­‐distributed	  stressors	  on	  a	  small	  scale.	  	   The	  presence	  of	  suitable	  nesting	  sites	  in	  high	  earthen	  banks	  along	  rivers	  and	  lakes	  is	  critical	  for	  the	  local	  distribution	  of	  Kingfishers	  (Hamas	  1994).	  	  In	  the	  SRSA,	  Kingfishers	  occupy	  nests	  in	  regions	  2	  through	  6.	  	  Potential	  habit	  for	  Kingfisher	  nests	  occurs	  in	  region	  1	  but	  no	  nests	  were	  identified	  over	  a	  two-­‐year	  sampling	  period	  in	  2005	  and	  2006	  (White	  2007).	  	  Kingfishers	  choose	  nest	  sites	  based	  on	  soil	  types	  with	  >75%	  sand	  and	  less	  than	  7%	  clay	  and	  amount	  of	  vegetation	  on	  the	  surface	  banks	  (Brookes	  and	  Davis	  1987,	  Prose	  1985).	  	  Active	  nests	  are	  typically	  found	  above	  the	  flood	  level	  of	  the	  river	  but	  deep	  enough	  to	  not	  be	  excavated	  by	  predators	  from	  above	  (White	  2007).	  	  	  	   Kingfishers	  feed	  primarily	  on	  small	  fish	  and	  sometimes	  on	  crayfish	  (Hamas	  1994)	  with	  specific	  size	  ranges	  generally	  not	  longer	  than	  ~18	  cm	  (Davis	  1982,	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Imhof	  1962,	  Salyer	  and	  Lagler	  1949).	  	  They	  generally	  catch	  any	  fish	  species	  that	  is	  most	  abundant	  within	  this	  size	  range	  (Davis	  1982,	  Salyer	  and	  Lagler	  1949,	  White	  1937,	  1953).	  	  Because	  of	  their	  foraging	  method	  of	  perching	  along	  riverbanks	  and	  diving	  to	  collect	  prey,	  Kingfishers	  are	  highly	  affected	  by	  turbid	  and	  highly	  vegetated	  waters	  (Davis	  1982,	  Sayler	  and	  Lager	  1949,	  White	  1953).	  	  The	  BNs	  for	  Kingfishers	  included	  fish	  length	  and	  turbidity	  to	  account	  for	  these	  factors.	  	   Wolfe	  et	  al.	  (1998)	  summarized	  the	  effects	  of	  mercury	  in	  avian	  species	  reporting	  reproductive	  success	  as	  one	  of	  the	  most	  sensitive	  responses.	  	  More	  recent	  studies	  investigate	  reproduction	  impairment	  due	  to	  mercury	  contamination	  (Frederick	  et	  al.	  2001,	  Jackson	  et	  al.	  2011a,	  Lane	  et	  al.	  2004,	  Scheuhammer	  et	  al.	  2007).	  	  In	  the	  South	  River,	  mercury	  blood	  concentrations	  in	  Kingfishers	  averaged	  3.35	  ±	  2.67	  ppm	  wet	  weight	  in	  2005	  and	  2006	  (White	  2007).	  	  White	  also	  reported	  a	  trend	  of	  increasing	  mercury	  blood	  concentrations	  downstream	  of	  the	  mercury	  contamination	  source	  in	  Waynesboro	  peaking	  at	  10	  ppm	  at	  a	  distance	  of	  24	  km	  downstream	  in	  region	  5	  (White	  2007).	  Lane	  et	  al.	  (2004)	  developed	  a	  risk	  based	  dose	  response	  relationship	  between	  blood	  mercury	  concentrations	  and	  adverse	  reproductive	  affects	  in	  common	  loons	  (Gavia	  immer),	  which	  was	  then	  applied	  by	  Lane	  et	  al.	  (2004)	  to	  Belted	  Kingfishers	  in	  the	  northeast	  United	  States.	  	  White	  (2007)	  reported	  no	  detectible	  decline	  in	  reproductive	  success	  for	  Kingfishers	  sampled	  in	  2005	  and	  2006,	  but	  indicated	  that	  some	  anecdotal	  evidence	  existed	  that	  only	  birds	  with	  high	  mercury	  blood	  concentrations	  experienced	  nest	  predation	  or	  abandonment.	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Carolina	  Wren-­‐	  Carolina	  Wren	  are	  passerine	  birds	  that	  strongly	  maintain	  territories	  as	  monogamous	  pairs	  (Morton	  1982	  and	  Simpson	  1985	  as	  cited	  in	  Strain	  and	  Mumme	  1988).	  They	  reside	  in	  the	  South	  River	  watershed	  year-­‐round	  (Jackson	  et	  al.	  2011a)	  and	  build	  nests	  1-­‐2	  meters	  off	  of	  the	  ground	  in	  varied	  habitats	  including	  residential	  areas	  (Haggerty	  and	  Morton	  1995).	  	  	  Their	  territorial	  nature	  and	  year-­‐round	  residency	  in	  the	  South	  River	  watershed	  make	  Carolina	  Wren	  an	  ideal	  species	  for	  investigating	  the	  transfer	  of	  mercury	  to	  songbirds	  on	  a	  small	  geographic	  scale	  (Jackson	  et	  al.	  2011a).	  	  Scientists	  in	  the	  SRST	  used	  their	  vocal	  territorial	  behavior	  to	  define	  Wren	  territories	  downstream	  of	  the	  mercury	  contamination	  source	  (Jackson	  et	  al.	  2011a,b).	  	   Wrens	  primarily	  feed	  near	  the	  ground	  on	  insects	  and	  spiders	  (Hagerty	  and	  Morton	  1995).	  	  Using	  the	  ligature	  method,	  Cristol	  et	  al.	  (2008)	  report	  that	  greater	  than	  80%	  of	  the	  diets	  of	  songbirds,	  which	  included	  Carolina	  Wren,	  bluebirds	  and	  house	  Wren	  were	  made	  up	  of	  the	  orders	  Araneae	  (spiders),	  Lepidoptera	  (moths	  or	  caterpillars),	  and	  Orthopterae	  (grasshoppers).	  	  In	  particular,	  spiders	  made	  up	  ~20-­‐30%	  of	  the	  biomass	  consumed	  by	  these	  birds.	  	  	  	   Wren	  populations	  are	  susceptible	  to	  only	  a	  few	  ecological	  stressors	  with	  a	  major	  cause	  of	  nest	  failure	  being	  predation	  of	  nestlings	  (Haggerty	  and	  Morton	  1995,	  Jackson	  et	  al.	  2011a).	  	  Predation	  rates	  of	  Carolina	  Wren	  nests	  in	  the	  SRSA	  and	  surrounding	  rivers	  ranged	  from	  ~15-­‐20%	  (Jackson	  et	  al.	  2011a).	  Wrens	  are	  also	  susceptible	  to	  cold	  temperatures	  when	  residing	  year-­‐round	  in	  the	  northern	  extent	  of	  their	  range	  (Job	  and	  Bednekoff	  2011,	  Haggerty	  and	  Morton	  1995,	  and	  Strain	  and	  Mumme	  1988).	  	  When	  winter	  temperatures	  drop	  below	  -­‐12oC	  adult	  mortality	  can	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take	  place	  (Haggerty	  and	  Morton	  1995).	  	  The	  BNs	  for	  Wrens	  contained	  only	  air	  temperature	  and	  nest	  predation	  as	  ecological	  stressors.	  Wrens	  are	  also	  potentially	  impacted	  by	  chemical	  contaminants	  such	  as	  PCBs	  and	  metals	  contaminations,	  specifically	  methylmercury	  in	  this	  site	  (Cristol	  et	  al.	  2008,	  Jackson	  et	  al.	  2011a,	  Jackson	  et	  al.	  2011b).	  	  To	  date,	  there	  are	  no	  known	  studies	  that	  show	  PCB	  body	  burdens	  in	  birds	  near	  the	  South	  River	  site	  even	  though	  PCBs	  have	  been	  shown	  in	  numerous	  studies	  to	  affect	  avian	  species.	  Cristol	  et	  al.	  (2008)	  report	  Wren	  blood	  concentrations	  of	  mercury	  to	  be	  8.76	  ±	  6.46	  ppm	  wet	  weight	  on	  average,	  which	  is	  comparable	  and	  even	  exceeds	  that	  of	  piscivorous	  birds,	  such	  as	  Belted	  Kingfishers,	  sampled	  in	  the	  SRSA.	  	  Jackson	  et	  al.	  (2011a)	  demonstrate	  mercury	  concentrations	  in	  the	  blood	  of	  female	  Wren	  affect	  success	  rates	  along	  the	  South	  River	  compared	  with	  a	  nearby	  reference	  site.	  	  They	  predict	  a	  10%	  reduction	  of	  nesting	  success	  at	  blood	  mercury	  concentrations	  as	  little	  as	  0.70	  µg/g	  wet	  weight	  in	  female	  wren.	  	  	  
Causal	  Pathways-­‐	  Development	  of	  the	  Bayesian	  network	  requires	  a	  causal	  pathway	  between	  stressors	  and	  the	  species	  or	  resource	  they	  potentially	  impact.	  	  Without	  evidence	  of	  a	  cause	  and	  effect	  relationship,	  there	  is	  no	  justification	  of	  a	  probable	  effect	  to	  occur	  from	  the	  stressor.	  	  Where	  scientific	  justification	  of	  cause	  and	  effect	  relationships	  are	  not	  available	  but	  expert	  opinion	  suggests	  a	  causal	  connection,	  Bayesian	  networks	  excel	  at	  using	  differing	  forms	  of	  information	  to	  describe	  complex	  systems.	  	  The	  uncertainty	  involved	  in	  each	  type	  of	  data	  source	  can	  be	  incorporated	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implicitly	  in	  the	  network	  as	  probability	  distributions	  allowing	  data	  rich	  causal	  pathways	  to	  be	  used	  in	  coordination	  with	  pathways	  based	  on	  expert	  opinion	  only.	  	  	  	   For	  these	  reasons,	  the	  development	  of	  the	  causal	  pathways	  begins	  with	  all	  possible	  connections	  between	  stressors	  and	  endpoints.	  	  Consideration	  of	  geospatial	  relationships	  is	  an	  important	  step	  in	  the	  risk	  assessment	  process	  as	  spatial	  overlap	  of	  stressor	  sources	  and	  species	  habitats	  is	  necessary	  to	  cause	  a	  potential	  effect.	  	  I	  investigated	  the	  spatial	  relationships	  between	  sources	  of	  stressors	  and	  the	  receptors	  in	  order	  to	  assess	  causal	  pathways	  in	  each	  region	  of	  the	  South	  River	  study	  area.	  The	  cause	  and	  effect	  pathways	  formed	  the	  structure	  of	  the	  Bayesian	  network	  and	  illustrated	  any	  possible	  pathway	  from	  all	  risk	  regions.	  	  Based	  on	  similar	  cause	  and	  effect	  pathways,	  I	  grouped	  stressors	  into	  three	  types	  of	  inputs:	  chemical	  stressors,	  such	  as	  mercury,	  PAHs	  and	  PCBs;	  habitat	  preference	  and	  stressors,	  such	  as	  land-­‐use	  and	  territory	  size;	  and	  ecological	  stressors,	  such	  as	  river	  temperature,	  turbidity,	  submerged	  aquatic	  vegetation,	  predation,	  and	  air	  temperature.	  	  I	  used	  this	  basic	  structure	  for	  all	  target	  species	  with	  slightly	  varied	  structure	  for	  fish,	  whose	  habitat	  was	  restricted	  to	  the	  river.	  	  For	  smallmouth	  bass	  and	  white	  suckers,	  I	  used	  abundance	  to	  represent	  potential	  exposure	  to	  the	  stressors	  within	  risk	  regions.	  	  Examples	  of	  cause	  and	  effect	  networks	  for	  each	  species	  can	  be	  found	  in	  Appendix	  A.	  Not	  all	  pathways	  were	  present	  or	  present	  to	  the	  same	  degree	  in	  each	  risk	  region;	  therefore	  the	  input	  parameters	  for	  habitat	  varied	  based	  on	  amount	  of	  geographic	  overlap	  between	  stressor	  sources	  and	  species	  habitat	  and	  abundance.	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MODEL	  PARAMETERIZATION	  
Data	  Selection-­‐	  Parameterization	  of	  the	  model	  began	  with	  selecting	  a	  dataset	  for	  each	  input	  parameter	  in	  the	  model.	  I	  restricted	  all	  chemical	  exposure	  datasets	  to	  data	  from	  2005	  to	  the	  present	  due	  to	  bank	  stabilization	  management	  strategies	  in	  2005	  near	  the	  former	  DuPont	  site	  to	  reduce	  the	  infiltration	  of	  mercury	  laden	  sediment	  to	  the	  river	  during	  flood	  events	  (Flanders	  et	  al.	  2010).	  The	  goal	  of	  the	  data	  selection	  process	  was	  to	  parameterize	  the	  model	  with	  the	  most	  recent	  statistically	  significant	  data	  where	  ample	  data	  were	  present.	  	  Input	  parameters	  of	  PAHs,	  organochlorine	  pesticides,	  turbidity	  and	  temperature	  (water	  and	  air)	  for	  all	  target	  species,	  and	  mercury	  body	  burden	  in	  Kingfishers	  and	  Wren	  included	  all	  available	  data	  from	  2005	  onward.	  	  	  	  
Input	  Parameters	  –	  Following	  data	  selection,	  the	  next	  step	  in	  model	  parameterization	  was	  to	  define	  the	  risk	  rankings	  of	  each	  input	  and	  calculate	  the	  probability	  of	  each	  risk	  outcome.	  Tables	  2	  -­‐	  5	  summarize	  the	  description	  of	  the	  input	  parameter	  and	  definition	  of	  the	  risk	  levels	  that	  I	  used	  to	  calculate	  the	  input	  nodes	  of	  the	  Bayesian	  network.	  	  Based	  on	  the	  literature	  search	  to	  identify	  cause	  and	  effect	  relationships	  between	  stressors	  and	  target	  species,	  I	  identified	  a	  sub-­‐set	  of	  articles	  describing	  dose-­‐response	  relationships	  between	  the	  stressor	  and	  target	  species,	  specifically	  for	  chemical	  and	  ecological	  stressors.	  	  It	  was	  important	  to	  select	  sources	  that	  reported	  dose-­‐response	  curves	  in	  order	  to	  select	  zero,	  low,	  medium,	  and	  high	  effect	  concentrations	  to	  categorize	  the	  input	  parameters.	  	  Studies	  that	  only	  reported	  no-­‐effect	  concentrations	  and	  low-­‐
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effect	  concentrations	  only	  provide	  data	  for	  the	  zero	  and	  low	  rankings.	  	  More	  discussion	  of	  the	  importance	  of	  selecting	  dose-­‐response	  curves	  for	  parameterization	  can	  be	  found	  in	  the	  discussion	  section	  of	  this	  thesis.	  	  Data	  characteristics	  drove	  the	  selection	  of	  literature	  sources	  for	  chemical	  stressors.	  	  Since	  body	  burden	  information	  was	  available	  for	  mercury	  in	  fish	  and	  birds,	  I	  used	  articles	  that	  reported	  mercury	  residue	  concentrations	  and	  their	  associated	  effects	  in	  fish	  species	  and	  blood	  mercury	  concentrations	  in	  birds.	  	  The	  following	  hierarchy	  was	  used	  to	  select	  sources	  for	  input	  parameter	  risk	  rankings:	  1.) Data	  must	  include	  dose-­‐response	  relationship	  in	  order	  to	  define	  risk	  levels.	  When	  dose-­‐response	  relationship	  is	  not	  available	  in	  a	  single	  paper,	  rankings	  may	  be	  a	  summarization	  of	  multiple	  papers	  illustrating	  various	  degrees	  of	  effect.	  2.) Site-­‐specific,	  species-­‐specific	  literature	  sources	  will	  be	  used	  when	  available.	  3.) When	  site-­‐specific	  research	  is	  not	  available,	  species-­‐specific	  sources	  with	  similar	  watershed	  characteristics	  will	  be	  used.	  4.) When	  species-­‐specific	  research	  is	  unavailable,	  sources	  with	  species	  of	  similar	  life	  histories	  may	  be	  used.	  	  It	  is	  preferential	  that	  these	  sources	  contain	  similar	  measured	  effects	  for	  the	  same	  stressor.	  	  Once	  literature	  sources	  were	  identified,	  I	  classified	  the	  effects	  based	  on	  risk	  categories;	  zero	  effects,	  low	  effects,	  medium	  effects	  and	  high	  effects.	  	  In	  some	  cases,	  input	  parameters	  could	  not	  be	  divided	  into	  four	  distinct	  risk	  levels	  due	  to	  greater	  uncertainty.	  	  For	  these	  parameters,	  I	  divided	  the	  inputs	  into	  either	  two	  or	  three	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levels	  depending	  on	  the	  amount	  of	  information	  available.	  	  I	  determined	  cut-­‐offs	  between	  risk	  levels	  either	  using	  the	  suggested	  impact	  described	  by	  the	  author	  or	  natural	  breaks	  in	  the	  dose-­‐response	  curve.	  	  When	  neither	  of	  these	  were	  evident,	  the	  following	  general	  rule	  was	  used:	  Zero	  ≤5%	  effect,	  Low	  5	  –	  20%	  effect,	  Medium	  20-­‐50%	  effect	  and	  High	  ≥50%	  making	  adjustments	  in	  these	  levels	  due	  to	  data	  uncertainty.	  	  	  After	  defining	  ranks,	  I	  determined	  the	  probability	  distribution	  for	  each	  input	  parameter	  based	  on	  the	  available	  site-­‐specific	  data	  previously	  selected.	  	  The	  following	  is	  an	  example	  of	  the	  process	  for	  the	  mercury	  body	  burden	  input	  parameter	  for	  smallmouth	  bass.	  	  The	  source	  for	  the	  mercury	  dose-­‐response	  curve	  for	  fish	  came	  from	  Dillon	  et	  al.	  (2010)	  who	  combined	  lethality	  and	  equivalent	  endpoints	  (lethality,	  developmental	  abnormalities,	  and	  spawning	  success)	  for	  mercury	  exposure	  in	  various	  fish	  species	  to	  create	  a	  dose-­‐response	  curve.	  	  Based	  on	  this	  dose	  response	  curve,	  I	  defined	  the	  risk	  levels	  as	  follows:	  	  	  Zero	  ≤	  0.2	  mg	  Hg/kg	  fish	  tissue	  -­‐	  <5%	  lethality	  (or	  equivalent)	  Low	  0.3-­‐1	  mg	  Hg/kg	  fish	  tissue	  –	  5-­‐24%	  lethality	  (or	  equivalent)	  Medium	  1.1-­‐	  3.0	  mg	  Hg/kg	  fish	  tissue	  –	  24-­‐%50	  lethality	  (or	  equivalent)	  High	  3.1-­‐10.0	  mg	  Hg/kg	  fish	  tissue	  -­‐	  >50%	  lethality	  (or	  equivalent)	  Using	  these	  levels,	  I	  divided	  the	  South	  River	  2007	  smallmouth	  bass	  data	  by	  risk	  region	  and	  calculated	  the	  frequency	  of	  mercury	  residue	  concentrations	  recorded	  for	  each	  risk	  level	  and	  divided	  by	  the	  total	  number	  of	  samples	  in	  each	  region	  to	  determine	  the	  probability	  of	  effects	  in	  each	  risk	  level.	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A	  similar	  method	  was	  used	  to	  define	  the	  input	  parameter	  probabilities	  for	  all	  stressors	  with	  the	  exception	  of	  species	  abundance,	  a	  summary	  of	  which	  can	  be	  found	  in	  Tables	  2	  –	  5.	  	  In	  order	  to	  express	  the	  potential	  for	  exposure	  in	  a	  geographic	  manner,	  I	  compared	  the	  abundance	  of	  each	  species	  within	  each	  risk	  regions	  to	  the	  total	  abundance	  in	  the	  South	  River	  study	  area	  to	  define	  risk	  levels	  for	  the	  abundance	  input	  parameter.	  	  This	  parameter	  represents	  the	  relative	  abundances	  of	  fish	  in	  each	  region	  to	  represent	  a	  measure	  of	  potential	  exposure.	  	  Fish	  must	  be	  present	  in	  order	  to	  be	  exposed	  and	  accumulate	  mercury	  before	  a	  toxic	  effect	  can	  develop.	  	  The	  abundance	  parameter	  scales	  the	  risk	  output	  by	  weighting	  regions	  with	  high	  abundance	  more	  heavily.	  	  Discussion	  of	  the	  uncertainty	  of	  the	  approach	  and	  possible	  suggestions	  for	  improving	  the	  abundance	  input	  parameter	  will	  be	  discussed	  in	  later	  sections.	  	  	  
Conditional	  Probability	  Tables-­‐	  Conditional	  probability	  tables	  describe	  the	  relationship	  between	  two	  or	  more	  input	  nodes	  in	  the	  Bayesian	  network.	  The	  conditional	  probability	  tables	  also	  describe	  the	  exposure	  potential	  geospatially,	  for	  example	  when	  the	  geographic	  distribution	  of	  a	  chemical	  contaminant	  intersects	  with	  a	  species	  preferred	  habitat.	  	  	  The	  conditional	  node	  has	  the	  same	  four	  states	  (zero,	  low,	  medium	  and	  high)	  as	  the	  input	  nodes.	  In	  some	  cases,	  the	  input	  node	  may	  be	  less	  well	  defined	  and	  contain	  three	  or	  even	  two	  states,	  making	  the	  resulting	  conditional	  probability	  table	  smaller.	  	  If	  data	  are	  available	  to	  describe	  the	  relationship	  of	  two	  stressors,	  then	  the	  conditional	  probability	  tables	  is	  filled	  in	  from	  that	  data.	  	  In	  many	  cases,	  the	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combination	  of	  stressors	  is	  not	  quantitatively	  defined	  or	  well	  understood.	  	  For	  conditional	  nodes	  where	  no	  quantitative	  description	  of	  the	  interaction	  of	  two	  or	  more	  stressors	  is	  given,	  I	  used	  a	  quantitative	  meta-­‐analysis	  approach	  from	  an	  extensive	  literature	  search	  to	  define	  the	  conditional	  probability	  tables.	  	  This	  was	  the	  primary	  method	  for	  defining	  the	  conditional	  nodes	  in	  this	  research	  as	  few	  studies	  were	  completed	  that	  contained	  full	  dose-­‐response	  relationships.	  	  The	  quality	  of	  information	  needed	  to	  fully	  describe	  stressors	  interactions	  is	  rare	  when	  examining	  chemical	  contaminants	  and	  even	  more	  difficult	  to	  obtain	  when	  combining	  chemical	  and	  habitat	  or	  ecological	  stressors.	  For	  this	  reason,	  the	  combination	  of	  input	  nodes	  was	  limited	  to	  three	  inputs	  only.	  	  Beyond	  three	  input	  nodes,	  the	  conditional	  probability	  tables	  become	  too	  large	  and	  require	  more	  resolved	  information	  than	  is	  available	  which	  would	  result	  in	  over-­‐fitting	  the	  data.	  	  MODEL	  EVALUATION	  
Running	  the	  Model-­‐	  I	  used	  NeticaTM	  by	  Norsys	  Software	  Corp	  to	  create	  and	  evaluate	  the	  Bayesian	  network	  based	  on	  the	  conceptual	  model	  and	  causal	  pathway	  defined	  previously.	  	  	   I	  defined	  input	  node	  probabilities	  as	  discrete	  levels	  and	  assigned	  a	  numerical	  multiplier	  to	  the	  risk	  levels.	  	  For	  nodes	  with	  four	  risk	  levels	  zero,	  low,	  medium	  and	  high,	  I	  used	  multipliers	  of	  0,	  2,	  4,	  and	  6	  respectively.	  	  For	  nodes	  with	  three	  risk	  levels,	  I	  used	  0,	  3	  and	  6,	  and	  for	  two	  nodes	  I	  used	  0	  and	  6.	  	  I	  defined	  conditional	  nodes	  as	  chance	  nodes	  and	  limited	  the	  number	  of	  input	  nodes	  to	  three	  or	  less	  in	  order	  to	  not	  over-­‐fit	  the	  available	  data.	  	  By	  grouping	  stressors	  of	  similar	  characteristics	  into	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three	  sub-­‐groups,	  chemical,	  habitat	  and	  ecological,	  I	  avoided	  having	  any	  conditional	  node	  with	  greater	  than	  three	  inputs.	  	  This	  approach	  also	  allowed	  the	  most	  straightforward	  combination	  of	  inputs	  for	  the	  conditional	  probability	  tables	  because	  of	  similar	  measurement	  metrics	  and	  potential	  for	  scientific	  studies	  describing	  the	  stressor	  interactions	  of	  like	  stressors.	  	  There	  are	  more	  studies	  that	  examine	  the	  interactions	  of	  similar	  stressor,	  such	  as	  two	  chemical	  contaminants	  or	  two	  ecological	  stressors,	  than	  those	  that	  study	  the	  effects	  of	  stressors	  across	  categories	  such	  as	  a	  contaminant	  and	  ecological	  stressor.	  	  
Uncertainty	  Evaluation-­‐	  I	  quantitatively	  and	  qualitatively	  assessed	  the	  uncertainty	  in	  the	  network	  and	  model	  outputs	  through	  several	  methods.	  	  Uncertainty	  in	  the	  model	  structure	  was	  assessed	  qualitatively	  through	  a	  discussion	  of	  input	  parameters	  and	  pathways	  both	  included	  and	  excluded	  in	  the	  model.	  	  In	  some	  cases,	  literature	  searches	  identified	  important	  stressors	  where	  site-­‐specific	  data	  or	  regional	  equivalent	  data	  were	  not	  available,	  which	  will	  be	  discussed	  later.	  	  I	  described	  uncertainty	  in	  input	  parameters	  explicitly	  in	  the	  probability	  distributions.	  	  I	  applied	  even	  distributions	  when	  there	  was	  not	  specific	  information	  available	  for	  a	  particular	  parameter	  in	  the	  risk	  region.	  	  When	  the	  number	  of	  parameters	  of	  even	  distributions	  equaled	  or	  exceeded	  the	  number	  of	  parameters	  with	  probability	  distributions,	  I	  refrained	  from	  calculating	  a	  risk	  output	  and	  identified	  these	  regions	  as	  areas	  for	  future	  sampling.	  Uncertainty	  in	  the	  cause	  and	  effect	  pathways	  resulted	  in	  a	  more	  even	  distributions	  in	  conditional	  probability	  tables.	  	  Since	  there	  was	  little	  site-­‐specific	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information	  describing	  the	  interactions	  of	  parameters,	  all	  conditional	  probability	  tables	  represented	  a	  weight	  of	  evidence.	  	  Using	  NeticaTM	  I	  calculated	  standard	  deviations	  of	  the	  risk	  score	  at	  each	  node	  in	  the	  Bayesian	  network	  and	  propagated	  the	  error	  to	  the	  overall	  risk	  score	  for	  each	  species	  in	  all	  risk	  regions	  with	  available	  data.	  	  	  
	  
Sensitivity	  Analysis-­‐	  The	  sensitivity	  analysis	  identifies	  how	  uncertainty	  in	  the	  model	  output	  can	  be	  attributed	  to	  the	  uncertainty	  in	  the	  input	  parameters.	  	  It	  specifically	  identifies	  which	  of	  the	  input	  parameters	  is	  driving	  the	  outcome	  and	  which	  parameters	  may	  be	  attributing	  the	  most	  uncertainty	  to	  the	  overall	  output.	  	  This	  is	  especially	  important	  in	  ecological	  risk	  assessment	  as	  it	  allows	  us	  to	  identify	  stressors	  that	  drive	  the	  overall	  risk	  for	  potential	  remediation	  and	  also	  parameters	  with	  large	  uncertainties	  to	  where	  additional	  scientific	  research	  and	  sampling	  efforts	  should	  be	  targeted.	  	   I	  calculated	  the	  sensitivity	  of	  the	  model	  output	  to	  input	  parameters	  by	  calculating	  the	  degree	  of	  entropy	  reduction	  using	  the	  NeticaTM	  software.	  	  Entropy	  reduction	  is	  defined	  as	  the	  degree	  to	  which	  input	  parameters	  affect	  the	  output	  parameters,	  expressed	  as	  a	  percentage.	  	  Therefore,	  large	  degrees	  of	  entropy	  correspond	  to	  input	  variables	  with	  influence	  on	  the	  output.	  	  The	  sensitivity	  analysis	  results	  may	  be	  used	  to	  determine	  input	  parameters	  that	  have	  the	  greatest	  influence	  on	  the	  overall	  risk	  score	  and	  uncertainty.	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  RESULTS	  
Conceptual	  Model-­‐	  The	  conceptual	  model	  describes	  the	  relationship	  between	  the	  target	  species,	  smallmouth	  bass,	  white	  sucker,	  Belted	  Kingfisher	  and	  Carolina	  Wren	  to	  the	  stressors	  identified	  from	  the	  geospatial	  analysis	  and	  literature	  review.	  	  Table	  1	  summarizes	  the	  stressors	  used	  in	  this	  phase	  of	  the	  risk	  analysis	  and	  their	  associated	  target	  species.	  	  From	  these	  stressors,	  I	  drew	  cause	  and	  effect	  pathways	  to	  the	  target	  species	  to	  describe	  the	  interaction	  of	  stressors	  and	  overall	  risk.	  Each	  target	  species	  is	  individually	  represented	  in	  a	  conceptual	  model	  in	  this	  formulation.	  	  For	  this	  stage	  of	  the	  ERA,	  I	  used	  individual	  models	  to	  describe	  risk	  to	  target	  species	  because	  there	  were	  few	  stressors	  that	  used	  the	  same	  risk	  rankings	  for	  similar	  stressors	  and	  each	  species	  had	  a	  unique	  set	  of	  stressor	  for	  which	  they	  were	  most	  sensitive.	  	  For	  example,	  white	  suckers	  and	  smallmouth	  bass	  are	  both	  effected	  by	  temperature	  changes,	  but	  experience	  effects	  at	  different	  temperature	  ranges.	  	  Further	  analysis	  is	  necessary	  to	  determine	  if	  by	  combining	  these	  variables	  into	  one	  temperature	  risk	  ranking	  may	  improve	  the	  overall	  analysis	  or	  create	  more	  uncertainty.	  Conceptual	  models	  for	  each	  target	  species	  used	  in	  this	  study	  can	  be	  found	  in	  Appendix	  A.	  	  	  Conceptual	  models	  did	  not	  vary	  between	  risk	  regions	  and	  maintained	  a	  similar	  structure	  for	  all	  target	  species	  with	  stressors	  grouped	  according	  to	  chemical,	  habitat	  and	  ecological	  classifications.	  
	  
Input	  Parameters-­‐Parameterization	  of	  the	  model	  input	  parameters	  required	  a	  basic	  statistical	  analysis	  of	  the	  site-­‐specific	  measurements	  used	  to	  calculate	  the	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probability	  distribution.	  	  I	  compiled	  data	  for	  each	  risk	  region	  from	  2005	  to	  the	  most	  recent	  available	  and	  analyzed	  the	  trends	  throughout	  the	  SRSA.	  	  Sufficient	  data	  was	  unavailable	  for	  air	  temperature	  (Carolina	  Wren	  only)	  and	  turbidity	  (Belted	  Kingfisher	  only)	  to	  divide	  the	  data	  into	  risk	  regions.	  	  For	  these	  stressors,	  I	  compiled	  all	  data	  available	  from	  the	  SRST	  and	  calculated	  frequency	  distributions	  for	  use	  in	  all	  regions.	  	  	  
Risk	  Results-­‐	  The	  Bayesian	  networks	  produced	  estimates	  of	  the	  risk	  to	  species	  in	  each	  risk	  region	  from	  both	  natural	  and	  anthropogenic	  disturbances.	  	  Even	  though	  not	  all	  possible	  ecological	  stressors	  were	  included	  in	  the	  models,	  the	  model	  still	  represents	  our	  current	  understanding	  of	  the	  interaction	  of	  multiple	  stressors	  to	  potentially	  impact	  species.	  Appendix	  B	  contains	  all	  of	  the	  BNs	  for	  each	  target	  species	  in	  each	  risk	  region.	  Table	  6	  summarizes	  the	  mean	  of	  the	  risk	  scores	  and	  the	  standard	  deviation	  for	  each	  endpoint	  by	  risk	  region.	  	  In	  general,	  not	  enough	  information	  was	  present	  in	  risk	  region	  1	  to	  determine	  an	  overall	  risk	  score.	  	  It	  is	  important	  to	  note	  that	  the	  overall	  risk	  score	  is	  an	  expression	  of	  the	  probability	  distribution	  of	  each	  receptor.	  	  These	  distributions	  are	  not	  normal	  and	  are	  the	  result	  of	  a	  single	  calculation	  and	  not	  sampling.	  	  Therefore,	  the	  standard	  deviation	  does	  not	  represent	  a	  statistical	  test	  of	  variance.	  	  	   Appendix	  C	  contains	  summary	  maps	  that	  show	  the	  geographical	  distribution	  of	  overall	  risk	  scores	  for	  each	  species.	  	  Of	  the	  species	  studied,	  smallmouth	  bass	  have	  the	  largest	  risk	  scores	  in	  regions	  3,	  4,	  5	  and	  6	  ranging	  from	  2.84	  to	  5.57.	  	  White	  suckers	  had	  the	  next	  highest	  average	  risk	  score	  followed	  by	  Carolina	  Wren	  and	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Belted	  Kingfisher.	  	  The	  region	  with	  the	  most	  risk	  varied	  among	  the	  target	  species	  likely	  due	  to	  the	  abundance	  of	  species	  in	  each	  risk	  region.	  	  Both	  fish	  species	  have	  greater	  risk	  in	  region	  2,	  where	  the	  source	  of	  the	  contamination	  is	  located,	  or	  downstream	  in	  regions	  4	  and	  5,	  where	  mercury	  body	  burden	  concentrations	  are	  highest.	  	  The	  distribution	  of	  risk	  among	  regions	  for	  the	  bird	  species	  does	  not	  vary	  as	  much	  as	  the	  fish	  species.	  	  	  
	  
Sensitivity	  Analysis-­‐	  For	  all	  target	  species	  in	  one	  or	  more	  risk	  regions,	  the	  sensitivity	  analysis	  indicated	  that	  mercury	  was	  one	  of	  the	  highest	  contributors	  to	  the	  overall	  risk	  score.	  	  In	  all	  cases,	  the	  other	  contributors	  to	  the	  overall	  risk	  scores	  were	  ecological	  stressors.	  	  Appendix	  D	  summarizes	  the	  results	  of	  the	  sensitivity	  analysis	  and	  Table	  7	  identifies	  the	  top	  contributing	  stressors	  to	  the	  overall	  risk	  score.	  	  White	  suckers	  appear	  to	  be	  the	  least	  influenced	  by	  mercury	  in	  their	  overall	  risk	  score	  and	  are	  more	  heavily	  affected	  by	  ecological	  stressors.	  	  Mercury	  body	  burden	  is	  the	  largest	  contributor	  to	  overall	  risk	  for	  both	  species	  of	  birds	  in	  regions	  3,	  4	  and	  5.	  	  These	  are	  also	  the	  regions	  in	  which	  the	  greatest	  amount	  of	  quality	  habitat	  and	  largest	  number	  of	  nest	  locations	  exist.	  	  DISCUSSION	  Bayesian	  networks	  are	  an	  adaptive	  tool	  for	  ecological	  risk	  assessments	  that	  contain	  multiple	  chemical	  and	  non-­‐chemical	  stressors.	  	  In	  this	  thesis,	  I	  demonstrated	  that	  	  1.) Bayesian	  networks	  succeeded	  in	  calculating	  the	  overall	  risk	  to	  the	  four	  species	  selected	  in	  this	  study.	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2.) Bayesian	  networks	  are	  capable	  of	  synthesizing	  different	  forms	  of	  data	  such	  as	  measures	  of	  exposure,	  geographic	  and	  habitat	  surveys,	  water	  quality	  parameters,	  and	  expert	  opinions	  provided	  by	  the	  SRST.	  	  3.) Bayesian	  networks	  implicitly	  describe	  the	  associated	  uncertainty	  in	  each	  input	  parameter	  as	  well	  as	  the	  uncertainty	  of	  each	  causal	  pathway	  as	  part	  of	  the	  sensitivity	  analysis.	  4.) Bayesian	  networks	  create	  a	  series	  of	  testable	  hypothesis	  that	  may	  be	  verified	  through	  field	  and	  laboratory	  studies.	  In	  the	  following	  discussion,	  I	  summarize	  the	  trends	  in	  risk,	  or	  the	  probability	  of	  seeing	  an	  effect	  in	  the	  receptors,	  both	  spatially	  and	  within	  species	  based	  on	  differing	  life	  histories.	  	  I	  also	  address	  why	  Bayesian	  networks	  are	  powerful	  tools	  to	  assess	  remediation	  scenarios	  and	  how	  this	  may	  be	  applied	  in	  the	  South	  River	  watershed.	  	  Numerous	  trends	  in	  risk	  occur	  among	  the	  endpoints	  examined	  in	  this	  study.	  	  The	  risk	  scores	  for	  each	  species	  are	  shown	  in	  Figure	  2	  for	  comparison.	  Smallmouth	  bass	  risk	  is	  mainly	  influenced	  by	  river	  temperature	  and	  mercury,	  from	  the	  stressors	  evaluated	  in	  this	  study,	  with	  a	  greatest	  overall	  risk	  in	  region	  5	  downstream	  of	  the	  mercury	  source.	  The	  next	  highest	  region	  for	  overall	  risk	  to	  smallmouth	  bass	  is	  region	  2	  where	  the	  source	  of	  mercury	  contamination	  is	  present.	  	  I	  hypothesize	  that	  the	  concentration	  gradient	  of	  mercury	  body	  burden,	  which	  peaks	  in	  regions	  4	  and	  5,	  is	  a	  possible	  reasons	  for	  this	  downstream	  trend	  in	  risk.	  	  	  	   Smallmouth	  bass	  have	  a	  higher	  calculated	  risk	  compared	  with	  white	  suckers	  because	  they	  contain	  more	  mercury	  from	  feeding	  at	  a	  higher	  trophic	  level.	  	  As	  such,	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smallmouth	  bass	  also	  may	  have	  a	  large	  proportion	  of	  their	  mercury	  body	  burden	  in	  the	  form	  of	  methylmercury	  (Tom	  et	  al.	  2010),	  which	  is	  known	  to	  be	  the	  more	  toxic	  form	  of	  mercury.	  	  Smallmouth	  bass	  and	  white	  sucker	  risk	  score	  in	  most	  regions	  even	  exceed	  those	  of	  their	  avian	  predator,	  the	  Belted	  Kingfisher.	  	  The	  sensitivity	  analysis	  of	  the	  BNs	  identified	  mercury	  and	  habitat	  stressors	  as	  the	  most	  influential	  contributors.	  Though	  mercury	  is	  a	  significant	  contributor	  to	  overall	  risk	  for	  all	  species	  in	  this	  study,	  it	  is	  not	  always	  the	  greatest	  contributor	  in	  all	  regions.	  	  Other	  stressors	  may	  be	  affecting	  fish	  species	  as	  much	  or	  more,	  such	  as	  river	  temperature.	  	  River	  temperature	  is	  not	  a	  significant	  stressor	  to	  the	  bird	  species	  and	  are	  less	  affected	  by	  other	  ecological	  stressors	  than	  the	  fish.	  	  Birds	  species	  also	  have	  a	  greater	  ability	  to	  sequester	  and	  eliminate	  mercury	  from	  their	  bodies	  by	  depositing	  it	  in	  their	  eggs	  and	  feathers,	  whereas	  fish	  do	  not	  have	  as	  sophisticated	  a	  method	  for	  mercury	  elimination.	  	  The	  birds	  in	  this	  study,	  though	  generally	  thought	  to	  over-­‐winter	  in	  the	  study	  area,	  also	  have	  access	  to	  nearby	  river	  systems	  such	  as	  the	  middle	  and	  north	  rivers	  that	  contain	  prey	  items	  with	  low	  levels	  of	  mercury	  (Cristol	  et	  al.	  2008,	  White	  2007)	  making	  it	  possible	  for	  them	  to	  have	  only	  periodic	  exposure	  to	  mercury	  compared	  with	  the	  fish	  confined	  to	  a	  more	  continuous	  exposure.	  Carolina	  Wren	  and	  Belted	  Kingfishers	  have	  similar	  trends	  in	  risk	  scores	  among	  the	  risk	  regions	  with	  the	  exception	  of	  region	  2	  where	  Belted	  Kingfishers	  have	  a	  higher	  risk	  than	  Wren.	  	  I	  observed	  a	  trend	  of	  increasing	  risk	  starting	  in	  region	  2	  the	  furthest	  upstream	  region	  to	  a	  peak	  in	  region	  5	  then	  decreasing	  after	  the	  confluence	  with	  the	  North	  Fork	  of	  the	  Shenandoah	  River	  in	  region	  6.	  	  A	  similar	  pattern	  of	  mercury	  blood	  concentration	  was	  observed	  by	  White	  (2007),	  Cristol	  et	  al	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(2008)	  and	  Jackson	  et	  al.	  (2011a)	  in	  Belted	  Kingfishers	  and	  Carolina	  Wren	  along	  the	  South	  River.	  	  Mercury	  is	  notably	  absent	  from	  the	  top	  contributors	  to	  overall	  risk	  for	  Carolina	  Wren	  in	  region	  2.	  	  Examination	  of	  the	  average	  probability	  distribution	  of	  the	  mercury	  input	  parameter	  reveals	  that	  100%	  of	  the	  Carolina	  Wren	  blood	  samples	  in	  region	  2	  were	  below	  the	  zero	  risk	  level.	  	  Further	  investigation	  revealed	  that	  only	  one	  data	  point	  was	  available	  for	  Carolina	  Wren	  that	  reported	  female	  blood	  mercury	  concentrations	  in	  region	  2.	  	  For	  this	  reason,	  I	  suggest	  that	  further	  future	  monitoring	  efforts	  be	  used	  to	  recalculate	  overall	  risk	  to	  Carolina	  Wren,	  specifically	  with	  data	  for	  region	  2	  where	  the	  source	  of	  mercury	  contamination	  originates.	  Not	  only	  are	  Bayesian	  networks	  effective	  at	  synthesizing	  the	  interactions	  of	  multiple	  stressors	  and	  calculating	  risk,	  but	  once	  the	  networks	  are	  in	  place,	  they	  may	  be	  used	  to	  identify	  parameters	  for	  remediation	  and	  model	  the	  outcomes	  of	  different	  management	  and	  remediation	  scenarios.	  	  By	  evaluating	  the	  BNs	  in	  reverse,	  the	  overall	  risk	  output	  may	  be	  manually	  altered	  to	  identify	  target	  stressors	  for	  remediation.	  	  For	  example,	  based	  on	  the	  overall	  risk	  scores	  of	  the	  four	  species	  in	  this	  study,	  smallmouth	  bass	  in	  region	  5	  appear	  to	  have	  the	  highest	  overall	  risk	  compared	  with	  all	  of	  the	  over	  risk	  regions.	  	  Using	  the	  BNs,	  I	  can	  identify	  the	  principle	  contributing	  stressors	  in	  this	  case	  mercury	  and	  river	  temperature	  and	  determine	  the	  remediation	  goals	  that	  must	  be	  obtained	  to	  attain	  an	  acceptable	  amount	  of	  risk.	  The	  current	  BN	  for	  smallmouth	  bass	  in	  region	  5	  (Figure	  3)	  show	  the	  frequency	  distributions	  for	  all	  input	  parameters.	  	  If	  the	  model	  is	  changed	  to	  simulate	  a	  low	  risk	  scenario,	  Figure	  4	  shows	  the	  mercury	  and	  river	  temperature	  that	  must	  be	  obtained	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in	  order	  to	  have	  100%	  low	  risk	  to	  Smallmouth	  Bass	  in	  risk	  region	  5.	  	  As	  identified	  by	  the	  sensitivity	  analysis,	  mercury	  and	  river	  temperature	  contribute	  the	  most	  of	  the	  overall	  risk	  and	  are	  therefore,	  change	  the	  most	  under	  the	  low	  risk	  scenario.	  	  Figure	  5	  shows	  the	  distribution	  of	  mercury	  and	  river	  temperature	  that	  would	  result	  in	  a	  100%	  low	  risk	  scenario.	  	  Many	  ERA	  and	  even	  some	  probabilistic	  models	  are	  not	  capable	  of	  this	  analysis	  without	  using	  an	  entirely	  new	  framework.	  	  	  A	  second	  advantage	  to	  using	  BNs	  in	  risk	  assessments	  is	  their	  ability	  to	  model	  risk	  reduction	  scenarios	  for	  best	  management	  practices.	  	  The	  input	  parameters	  in	  the	  BN	  may	  be	  altered	  to	  model	  the	  predicted	  conditions	  under	  different	  management	  strategies	  or	  upon	  implementation	  of	  best	  management	  practice.	  	  Given	  data	  on	  how	  the	  management	  scenario	  will	  affect	  different	  stressors,	  the	  input	  parameters	  can	  easily	  be	  altered	  to	  reflect	  the	  conditions	  of	  each	  scenario	  under	  evaluation	  and	  calculate	  the	  overall	  risk.	  	  Currently	  best	  management	  practices	  are	  being	  tested	  for	  remediation	  of	  mercury	  in	  the	  sediments	  of	  the	  South	  River.	  	  	  In	  summary,	  BNs	  successfully	  predicted	  overall	  risk	  to	  species	  in	  this	  study	  area,	  which	  coincide	  with	  the	  conclusions	  of	  research	  being	  done	  by	  the	  SRST.	  Bayesian	  networks	  are	  not	  only	  powerful	  tools	  to	  calculate	  risk	  for	  watershed-­‐scale,	  multiple	  stressor	  risk	  assessment,	  but	  is	  also	  a	  powerful	  new	  tool	  for	  evaluating	  management	  strategies	  and	  best	  management	  practices.	  	  The	  Bayesian	  network’s	  flexibility	  at	  incorporating	  new	  data	  allows	  numerous	  iterations	  of	  models	  to	  guide	  future	  sampling	  and	  research	  and	  to	  monitor	  risk	  following	  changes	  in	  management	  strategies	  or	  remediation.	  	  In	  the	  South	  River,	  I	  demonstrated	  that	  Bayesian	  networks	  can	  be	  used	  to	  calculate	  overall	  risk	  to	  target	  species	  and	  identify	  key	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stressors	  such	  as	  mercury,	  river	  temperature,	  and	  habitat	  that	  effect	  the	  overall	  health	  of	  target	  species	  in	  the	  aquatic	  and	  aquatically	  dependent	  terrestrial	  environment.	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  TABLES	  AND	  FIGURES	  Table	  1.	  Summary	  of	  chemical,	  ecological	  and	  habitat	  stressors	  for	  smallmouth	  bass,	  white	  sucker,	  Belted	  Kingfisher,	  and	  Carolina	  wren.	  
Smallmouth	  Bass	   White	  Sucker	   Belted	  Kingfisher	   Carolina	  Wren	  
Chemical	  Stressors	  Mercury	   Mercury	   Mercury	   Mercury	  Polyaromatic	  Hydrocarbons	  Sediment	  (Exposure)	  
Polyaromatic	  Hydrocarbons	  Sediment	  (Exposure)	  
Polyaromatic	  Hydrocarbons	  Sediment	  (Exposure)	  
Polyaromatic	  Hydrocarbons	  Sediment	  (Exposure)	  Organochlorine	  Pesticides	  Water	  (Exposure)	   Organochlorine	  Pesticides	  Water	  (Exposure)	   Organochlorine	  Pesticides	  Water	  (Exposure)	   Organochlorine	  Pesticides	  Water	  (Exposure)	  
Ecological	  Stressors	  River	  Temperature	   River	  Temperature	   Tubidity	   Air	  Temperature	  Turbidity	   Stream	  cover	   Submerged	  Aquatic	  Vegetation	   Nest	  Predation	  
Predation	  Rate	   Stream	  flow	   Fish	  Length	   	  	   Predation	  rate	   Nest	  Predation	   	  
Habitat	  Stressors	  	   	   Territory	  Size	   Landuse	  	   	   Landuse	   Territory	  Size	  	   	   Bank	  Height	   	  	   	   Stream	  Bank	  %	  
Clay,	  Sand	  and	  
Silt	  
	  
	  
*	  Bolded	  stressors	  were	  considered	  but	  not	  used	  in	  this	  risk	  assessment	  due	  to	  lack	  of	  site-­‐specific	  data	  available.	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Table	  2.	  Smallmouth	  bass	  input	  parameters	  
	  	  
PAHs
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Under -- 96.9 96.0 99.2 50.0 50.0 No: lower than the LEL
Over -- 3.1 4.0 0.8 50.0 50.0 Yes:  exceeded the LEL
Organic Pesticides
Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Under -- 100.0 98.6 98.6 100.0 50.0 No: lower than the Chronic Level
Over -- 0.0 1.4 1.4 0.0 50.0 Yes:  exceeded the Chronic Level
Mercury 
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Zero -- 3.3 0.0 0.0 0.0 0.0 0.2 mg/kg < 5% lethality or equivalent endpoints
Low -- 73.3 0.0 0.0 0.0 50.0 0.3 - 1 mg/kg 5 - 24% lethality or equivalent endpoints
Medium -- 23.4 78.9 20.0 37.5 50.0 1.1 - 3.0 mg/kg 24 - 50% lethality or equivalent endpoints
High -- 0.0 21.1 80.0 62.5 0.0 3.1 - 10 mg/kg > 50% lethality or equivalent endpoints
River Temperature
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Temperature Justification
Zero -- 0.0 3.1 18.8 16.5 13.8 22-26 °C T optimum for juvinile growth & fry survival,and 
preferred habitat temp range
Low -- 17.9 19.0 10.4 27.0 25.1 19-21.9 or 26.1-29 °C Growth rate reduction for juvinile fish
Medium -- 15.1 14.1 10.4 14.1 7.8 16-18.9 or 29.1-31.9 °C Estimated 30-50% growth rate reduction
High -- 67.0 63.8 60.4 42.4 53.3 ≤"15.9"or"≥"32°C Upper limit for growth = 27°; no spawning  or 
egg/fry survival
Total Suspended Solids
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Total Suspended Soilds Justification
Zero -- 89.6 87.1 83.2 83.2 88.2 < 25 mg/L Preferential habitats ≤ 25
Low -- 5.4 7.5 10.0 10.0 7.0 25-80 mg/L Prey consumption decreases above 20
Medium -- 3.1 4.5 5.2 5.2 3.1 80-200 mg/L
Avoidance behavior; & coughing common in adult 
trout; trout egg mortality; growth retardation & 
reproductive impacts in largemouth bass; 
High -- 1.9 0.9 1.6 1.6 1.7 > 200 mg/L Onset of gill tissue damage in adult trout(no 
information on smallmouth bass)
Abundance 
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Abundance Justification
Zero -- 20.0 20.0 0.0 0.0 20.0 <5% of the site abundance No regions had less than 5% of the total site 
abundance of smallmouth bass.
Low -- 60.0 60.0 20.0 0.0 60.0 5-10% of the site abundance
Regions 2, 3 and 6 had 10.2%, 6.1% and 9.2% 
respectively of the total abundance of smallmouth 
bass at the site.
Medium -- 20.0 20.0 60.0 40.0 20.0 10-50% of the site abundance Region 4 had 22.5% of the total site abundance of 
smallmouth bass.
High -- 0.0 0.0 20.0 60.0 0.0 >50% of the site abundance Region 5 had the highest abundance of smallmouth 
bass with 52% of the total abundance at the site.
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
Relative frequencies of TSS measured in 
2006  for each rank 
Relative frequencies of water [pesticide] 
with reference to NOAA SQuiRTs (mostly 
derived from EPA water quality criteria)
Methylmercury body burden indicative of 
internal mercury exposure
Relative frequencies of water temperature 
data from 2006 for each rank 
Relative abundance of smallmouth bass in 
each region compared with the entire South 
River study area.
Comparison with the NOAA's Low Effects Limit 
Screening Reference Value
Comparison with the NOAA's Chronic Toxilogical 
Effects Level
Relative frequencies of sediment [PAH]  
with reference to NOAA ERL
Reference
Reference
Reference
Reference
Horning and Pearson 1973 as reported in 
Armour 1993; Bevelhimer, M; Whitledge et al. 
2006
Horning and Pearson 1973 as reported in 
Armour 1993
Horning and Pearson 1973 as reported in 
Armour 1993
Horning and Pearson 1973 as reported in 
Armour 1993; summary of findings reported in 
Armour 1993
Reference
Hubert WA & RT Lackey 1960
Carter MW et al. 2010
2003 EPA report on "The biological effects of 
suspended and bedded setiment (SABS) in 
aquatic systems: A review."
2003 EPA report on "The biological effects of 
suspended and bedded setiment (SABS) in 
aquatic systems: A review."
Reference
Dillion et al. 2010; EPA fish study 
www.epa.gov/waterscience/fishstudy
http://response.restoration.noaa.gov/book_she
lf/122_NEW-SQuiRTs.pdf
http://response.restoration.noaa.gov/book_she
lf/122_NEW-SQuiRTs.pdf
Site Specific
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Table	  3.	  White	  sucker	  input	  parameters	  
	  
PAHs
Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Under -- 96.9 96.0 99.2 50.0 50.0 No: lower than the LEL
Over -- 3.1 4.0 0.8 50.0 50.0 Yes:  exceeded the LEL
Organic Pesticides
Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Under -- 100.0 98.6 98.6 100.0 50.0 No: lower than the Chronic Level
Over -- 0.0 1.4 1.4 0.0 50.0 Yes:  exceeded the Chronic Level
Mercury 
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Body Burden Justification
Zero -- 43.3 5.0 0.0 5.0 0.0 0.2 mg/kg < 5% lethality or equivalent endpoints
Low -- 36.7 20.0 10.0 50.0 60.0 0.3 - 1 mg/kg 5 - 24% lethality or equivalent endpoints
Medium -- 16.7 60.0 40.0 30.0 40.0 1.1 - 3.0 mg/kg 24 - 50% lethality or equivalent endpoints
High -- 3.3 15.0 50.0 15.0 0.0 3.1 - 10 mg/kg > 50% lethality or equivalent endpoints
River Temperature
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Justification
Zero -- 35.7 34.3 28.6 28.6 -- 14-19C
McCormick et al. (1977) reported maximum hatching success 
for embryos at 15° C.
Low -- 21.4 31.4 21.4 14.3 -- 11-14C and 19-22C
A preferred temperature range of 19 to 21° C was reported 
for a Colorado reservoir (Horak and Tanner 1964) for adult 
white suckers. 
Medium -- 42.9 20.0 39.3 42.9 -- 9-11C and 22-29C
White sucker larvae apparently prefer water temperatures of 
23 to 25° C, but occur in water temperatures of 13 to 25° C 
(Marcy 1976).
High -- 0.0 14.3 10.7 14.3 -- <9 and >29
Upper lethal temperature limits for juvenile white suckers 
were 26 to 31° C at acclimation temperatures of 5 to 25° C 
(Brett 1944; Carlander 1969) and lower lethal temperatures 
were 2 to 6° C (McCormick et al. 1977) McCormick et al. 
(1977) reported hatching success diminished significantly at 
temperatures < 9° C or > 17° C, and upper and lower lethal 
1imits were 24° C and 6° C, respectively.
Stream Cover 
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Percentage of Cover Justification
Zero 25.0 0.0 39.1 64.7 58.5 25.0 25-85%
Low 25.0 0.0 4.5 12.6 21.4 25.0 15-25% and 85-100%
Medium 25.0 10.0 0.0 16.9 9.7 25.0 5-15%
High 25.0 90.0 56.4 5.8 10.4 25.0 <5%
Abundance 
Description Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Abundance Justification
Zero -- 0.0 0.0 0.0 20.0 20.0 Not present There were no regions surveyed that contained no white 
suckers.
Low -- 0.0 20.0 20.0 60.0 60.0 <5% of entire site abundance Regions 5 and 6 contained 1.37 and 4.79% of the total 
number of white suckers surveyed
Medium -- 40.0 60.0 60.0 20.0 20.0 5-25% of entire site abundance Regions 3 and 4 contained 21.23 and 15.75% respectively of 
the total number of white suckers surveyed
High -- 60.0 20.0 20.0 0.0 0.0 >50% of entire site abundance Region 2 containted 56.86% of the total number of white 
suckers surveyed
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
The percentage of cover from submerged 
aquatic vegetation was used as a metric for 
stream cover.
Habitat Suitability Index models and instream flow suitability 
curves: White Sucker.  Cover, including both streamside cover 
andw within-stream cover, is a very important, if not 
essential," component of spawning areas for dwarf suckers 
(Dence 1948).  Thompson and Hunt (1930), Dence (1948), 
and Propst
(1982b) described white sucker habitats with exposed tree 
roots numerous drifts of brush and logs against fallen trees, 
bridge supports, riprapped and undercut banks, and large 
boulders available as cover
Site specifice comparison of the relative 
abundance of white suckers in all risk regions 
surveyed.  
Frequency (%)
Relative frequencies of sediment [PAH]  with 
reference to NOAA ERL Comparison with the NOAA's Low Effects Limit Screening 
Reference Value
Relative frequencies of water [pesticide] with 
reference to NOAA SQuiRTs (mostly derived 
from EPA water quality criteria)
Comparison with the NOAA's Chronic Toxilogical Effects Level
Methylmercury body burden indicative of 
internal mercury exposure
Frequency of river temperature 
Reference
Reference
Reference
Reference
Reference
Reference
Twomey, K. A., K. L. Williamson, and 
P. C. Nelson. 1984. Habitat suitability 
index models and instream flow 
suitability curves: White sucker. U.S. 
Fish Wildl. Servo FWS/OBS-82/10.64. 
56 pp.
Site specific
http://response.restoration.noaa.gov
/book_shelf/122_NEW-SQuiRTs.pdf
http://response.restoration.noaa.gov
/book_shelf/122_NEW-SQuiRTs.pdf
Twomey, K. A., K. L. Williamson, and 
P. C. Nelson. 1984. Habitat suitability 
index models and instream flow 
suitability curves: White sucker. U.S. 
Fish Wildl. Servo FWS/OBS-82/10.64. 
56 pp.
Dillion et al. 2010; EPA fish study 
www.epa.gov/waterscience/fishstudy
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Table	  4.	  Belted	  Kingfisher	  input	  parameters	  
Mercury
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Hg Concentration 
Blood
Justification Reference
Zero -- -- 48.6 33.3 66.7 80.0 0.00 - 0.40 Estimated from (Evers et al. 2004)
Low -- -- 29.7 40.0 0.0 13.3 0.41-1.00 Estimated from (Evers et al. 2004)
Medium -- -- 8.1 0.0 0.0 6.7 1.01-2.00 Estimated from (Evers et al. 2004)
High -- -- 13.5 26.7 33.3 0.0 >2.01 Estimated from (Evers et al. 2004)
PAH
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 PAHs Justification Reference
UNDER 50.0 96.9 96.0 99.2 50.0 50.0 Lower than the LEL
Comparison with the NOAA's Low Effects Limit 
(LEL) Screening Reference Value
OVER 50.0 3.1 4.0 0.8 50.0 50.0 Exceeded the LEL
Comparison with the NOAA's Low Effects Limit 
(LEL) Screening Reference Value
Pesticides
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Pesticides Justification Reference
UNDER 50.0 100.0 99.0 99.0 100.0 50.0 Lower than the 
Chronic Level
Comparison with the NOAA's  Chronic Toxicological Effects Level 
OVER 50.0 0.0 0.0 1.0 0.0 50.0 Exceeded the Chronic 
Level
Comparison with the NOAA's  Chronic Toxicological Effects Level 
Frequency (%)
Frequency (%)
Frequency (%)
Adult and juvenile kingfishers living on the 
South River accumulated elevated levels of 
mercury in their blood and feathers. The 
percentage of male chicks per brood was 
lower on the South River than on the 
reference rivers, suggesting that female 
kingfishers adaptively modified the sex 
ratio of their broods. (White Thesis for 
College of W&M 2007)
(Evers et al., 2004) Estimated from 
data for the common loon that first 
saw adverse effects at 3.00 ppm.  
(Lane et al., 2004) Belted Kingfisher 
as indicators of methyl mercury 
availability in aquatic systerms (1997-
2003)
http://response.restoration.noaa.gov/
book_shelf/122_NEW-SQuiRTs.pdf
http://response.restoration.noaa.gov/
book_shelf/122_NEW-SQuiRTs.pdf
 Relative frequencies of sediment [PAH]  
with reference to NOAA Screening Quick 
Reference Tables (SQuiRTs) for Organics in 
Water and Sediment 
Relative frequencies of water [pesticide] 
with reference to NOAA SQuiRTs (mostly 
derived from EPA water quality criteria)
 PCBs known to cause egg-shell thinning 
and reduced reproductive success in 
osprey, bald eagles, peregrine flacons 
(Steidl 1991 a,b,c) 
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Table	  4.	  Belted	  Kingfisher	  input	  parameters	  
Potential Habitat
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Habitat Justification Reference
Zero 68.4 67.6 66.0 50.8 45.3 64.0
Pasture/Hay, 
Developed Open 
Space, Developed Low 
Intensity, Open Water
>1 nest present in Landuse for Entire Risk 
Region
(Bent 1940; Prose 1985)
Low 26.7 12.5 16.1 29.5 37.8 24.6 Deciduous Forrest, 
Cultivated Crops
One nest present in landuse for entire Risk 
Region and Directly Adjacent to Landuse with 
containing nests
(Bent 1940; Prose 1985)
Medium 4.8 4.9 17.5 19.7 16.4 11.4 Evegreen Forrest, 
Mixed Forrest
Adjacent to landuse containing nests, but with 
no nests present
(Bent 1940; Prose 1985)
High 0.1 15.0 0.4 0.0 0.5 0.0
Developed Medium 
Intensity, Developed 
High Intensity
No nests present nearby (White 2007)
Territory Lengths
Descirption Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Territory Justification Reference
Ideal Territoty 
Length
-- 0.0 90.2 56.3 20.0 48.0 0-2340 meters along 
shoreline
Home range when food is plentiful (Davis 1982; Brooks and Davis 1987)
Acceptable 
Territory Length -- 5.2 9.8 20.4 28.0 21.8
2340-4800 meters 
along shoreline Medium home range size (Davis 1982; Brooks and Davis 1987)
Unacceptable 
Territory Length 100.0 94.8 0.0 23.3 52.0 30.2
>4800 m along 
shoreline Maximum measured home range (Davis 1982; Brooks and Davis 1987)
Turbidity
Descirption Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Turbidity Justification Reference 
Zero 75.0 80.5 90.3 92.6 79.9 75.0 > 60 cm secchi depth
60 cm is the max depth kingfishers will typically 
hunt for prey
 (White 1937; 1953; Sayler and 
Lagler 1946; Davis 1982; Fry and Fry 
1992)
Low 25.0 16.8 9.7 7.4 16.7 8.3 30-60 cm secchi depth
Linear relationship between suitability Index and 
turbidity measure by secchi depth (Prose 1985) 
Medium 0.0 2.7 0.0 0.0 1.4 0.0
15 -30 cm secchi 
depth
Linear relationship between suitability Index and 
turbidity measure by secchi depth (Prose 1985) 
High 0.0 0.0 0.0 0.0 2.1 16.7 <15 cm secchi depth
Most fish are caught at depths less than 15 cm, 
therefore kingfisher prey capture would be 
severly imparied if fish at this depth were not 
visable 
(Prose 1985) 
Frequency (%)
Frequency (%)
Positive: Larger, more open streams 
prefered over smaller streams with 
overhanging vegetation (White 1953) 
Shrub cover along water for concelment 
(White 1953) Well drained soil banks of 
sandy composition (White 1953) High 
banks at least 1.5 m from base to avoid 
predators and flooding (Cornwell 1963) 
Earthen banks (Ellison 1985) Suitable 
Substrate sandy clay soils > 75% sand and 
low clay <7% (Cornwell 1963; Brooks and 
Davis 1987)  Negative: Overgrown, thick 
vegetation (Bent 1940) Banks of clay, 
gravel and rocks (HSI)  Woody roots that 
impede excavation of nests, typical of 
forested banks (HSI)
Divided the number of nests in each risk 
region by the number length of the river 
section in that area. 
Kingfishers require clear waters for 
unobstructed view of prey (Bent 1940; 
Davis 1980) Absent from fishing areas 
when waters become murky from rain 
(Salyer and Lagler 1940; Davis 1980)
Frequency (%)
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Table	  4.	  Belted	  Kingfisher	  input	  parameters	  
	  
Fish Length
Descirption Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Fish Lengths Justification References
Average 
Acceptable Fish 
Length
-- 60.8 48.9 68.8 62.2 67.0 < 17cm
Majority of fish sampled no longer than 10.2 cm 
(Davis 1982 and Imhof 1962) sampling found 
kingfishers bringing larger fish back to the nests 
for their growing young, still within the range of 
sampled fish sizes, but still able to swallow 
(Slayer and Lagler 1949) fish longer than 12.7 
cm hard to swallow, still within the range of fish 
sampled from kingfisher sampling (Slayer and 
Lagler 1949)
(Slayer and Lagler 1949, Davis 1982, 
and Imhof 1962)
Average 
Unacceptable 
Fish Length
-- 39.2 51.1 31.2 37.8 33.0 >18 cm
Outside of the range of fish sizes normally found 
in kingfishers
(Slayer and Lagler 1949, Davis 1982, 
and Imhof 1962)
Nest Predation
Descirption Ranks Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Predation Justification Reference
Not Effected by 
Predation 85.5 83.0 80.4 80.4 80.4 80.4 (Jackson et al. 2011)
Effected by 
Predation 14.5 17.1 19.6 19.6 19.6 19.6 (Jackson et al. 2011)
Submerged Aquatic Vegetation
Descirption Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 SAV Justification Reference
Zero 25.0 50.0 60.9 34.8 52.0 25.0 0-20%
Low 25.0 25.0 18.9 0.0 48.0 25.0 20-40%
Medium 25.0 15.0 0.0 57.5 0.0 25.0 40-70%
High 25.0 10.0 20.1 7.7 0.0 25.0 70-100%
choose hunting grounds free of aquatic 
plants or floating debris (Hamas, 1994) 
Common nest predators are Skunks, mink, 
raccoons and snakes (Hamas, 1994)
(Prose 1985)
Site specific
Linear relationship between suitability Index and 
% water surface obstruction.  Risk levels were 
adjusted to the nearest 10% due to the 
significant figures of the data set.  Risk levels 
were skewed by 5% to favor a more 
conservative estimate of risk.  No data was 
available for region 1 so an even distribution was 
used. Only 23% of region 2 was surveyed for 
SAV.  Since a large portion of region 2 has 
development along the river  we assume that 
there would be less SAV in highly developed 
reaches of the river, so the risk in the region is 
weighted towards the lower risk levels because 
not all of the region was sampled in the Phase I 
Ecological Survey. An even distribution was also 
assumed for Region 6 because it was not 
sampled for SAV. 
Frequency (%)
Jackson et al. (2011) reported a site-specific 
Carolina wren predation rates of 14.5% +/- 
6.1% for the contaminated South River and 
19.6% +/- 7.8% for their reference sites on the 
Middle River and upstream of the contamined 
site.  The nest predation rate for Region 1 was 
defined by the reference site nest predataion 
rate.  Half of region 2 is upstream of the 
contamination source and therefore the average 
of the two predation rates was used.  For all 
other regions the contaminated site nest 
predataion rate was used. 
Belted kingfishers are selective about the 
size of their prey.  They do not eat fish 
above a certain size.  They are not 
selective about the type of fish that they 
eat, and will eat the most abundant fish in 
the area as long as it is the right size. 
(Hamas, 1994)
Frequency (%)
Frequency (%)
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Table	  5.	  Carolina	  Wren	  input	  parameters	  
	  	  
Mercury
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Hg Concentration Level in 
Female Blood
Justification Reference
Zero -- 100.0 50.0 62.1 40.5 -- 0- 1.2 0-20% reduction in nest success
Low -- 0.0 29.2 1.7 5.4 -- 1.2-2.1 20-40% reduction in nest 
success
Medium -- 0.0 4.2 5.2 2.7 -- 2.1-2.9 40-60% reduction in nest 
success
High -- 0.0 16.7 31.0 51.4 -- >2.9 >60% reduction in nest success
PAH
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 PAHs Justification Reference
UNDER 50.0 96.9 96.0 99.2 50.0 50.0 Lower than the LEL
Comparison with the NOAA's 
Low Effects Limit (LEL) 
Screening Reference Value
OVER 50.0 3.1 40.0 0.8 50.0 50.0 Exceeded the LEL
Comparison with the NOAA's 
Low Effects Limit (LEL) 
Screening Reference Value
Pesticides
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Pesticides Justification Reference
UNDER 50.0 100.0 98.6 98.6 100.0 50.0 Lower than the Chronic Level
Comparison with the NOAA's  
Chronic Toxicological Effects 
Level
OVER 50.0 0.0 1.4 1.4 0.0 50.0 Exceeded the Chronic Level
Comparison with the NOAA's  
Chronic Toxicological Effects 
Level
Potential Habitat
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Justification Reference
Zero 88.4 57.0 84.3 89.4 86.7 95.2
Deciduous forrest, evergreen 
forrest, mixed forrest, 
pasture/hay, cultivated crops
Containing more than 2 wren 
nests in any region.
Low 11.1 33.7 14.9 10.3 12.7 4.5
Open water, Developed open 
space, Developed low-
intensity
Containing at least one wren 
nest or adjacent to more than 2 
nests in any region.
Medium 0.3 5.8 0.6 0.1 0.4 0.1 Developed medium intensity
Not containing any wren nests 
but adjacent to the nest 
location.
High 0.2 3.5 0.3 0.1 0.2 0.2
Developed high-intensity, 
Barren Land, Woody 
Wetlands, Emergent 
Herbaceous Wetlands
Not containing any wren nests 
and not adjacent to any nests.
Frequency (%)
Frequency (%)
Frequency (%)
Frequency (%)
 Relative frequencies of sediment 
[PAH]  with reference to NOAA 
Screening Quick Reference Tables 
(SQuiRTs) for Organics in Water 
and Sediment 
Relative frequencies of water 
[pesticide] with reference to NOAA 
SQuiRTs (mostly derived from EPA 
water quality criteria)
 PCBs known to cause egg-shell 
thinning and reduced reproductive 
success in osprey, bald eagles, 
peregrine flacons (Steidl 1991 
a,b,c) 
Habitat by Landuse
Mercury blood concentration
Preferential landuse types used by 
carolina wren
(Jackson et al. 2011)
http://response.restoration.noaa.gov/book_shelf/122
_NEW-SQuiRTs.pdf
http://response.restoration.noaa.gov/book_shelf/122
_NEW-SQuiRTs.pdf
(Jackson et al. 2011, Cristol et al. 2010)
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Table	  5.	  Carolina	  Wren	  input	  parameters	  
	  
Abundance
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Justification Reference
Zero
20.0 60.0 20.0 0.0 0.0 %%
Region 2 had the lowest 
sampled abundance of wren 
with <6% of the total of all 
regions.
Low
60.0 40.0 60.0 0.0 20.0 %%
Regions 1 and 3 had 11.2% 
and 15.8% compared with the 
total of all regions.
Medium
20.0 0.0 20.0 40.0 60.0 %%
Region 5 had the next highest 
abundance with 28.6% of the 
total of all regions.
High
0.0 0.0 0.0 60.0 20.0 %%
Region 4 had the highest 
abundance with 38.8% of the 
total of all regions.
Temperature
Descirption Rank Region 1 Region 2 Region 3 Region 4 Region 5 Region 6
Meterological Winter Minimum 
Temperature (December 
through February)
Justification Reference
Zero 11.2 11.2 11.2 11.2 11.2 11.2 >37o F 
Breeding Bird survey data show 
steady increase in populations 
when winter temperatures were 
above average
Low 82.0 82.0 82.0 82.0 82.0 82.0 37o F to 10.4oF
CBC data also indicate that 
northern areas where average 
minimum Jan temperatures 
drop below -12° C are not 
suitable for this species 
Medium 6.3 6.3 6.3 6.3 6.3 6.3 10.4o F to -5.5oF
Indiana, Jan cold spell (-21° to -
24°C for 3 d) suspected cause 
of up to 10 out of 11 individuals 
dying in winter
High 0.5 0.5 0.5 0.5 0.5 0.5 -5.5o F to -16.6o F
'-27 to -34C (-16.6F to -29.2F) 
W. Virginia, populations 
decimated in winter of 
1935–1936 owing to extremely 
low temperatures
Nest Predation
Description Ranks Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Predataion Justification Reference
Not 
Effected by 
Predation
85.5 83.0 80.4 80.4 80.4 80.4 Site-specific Percent Predataion 
for Carolina wren
Effected by 
Predation
14.5 17.1 19.6 19.6 19.6 19.6 Site-specific Percent Predataion 
for Carolina wren
Frequency (%)
Haggerty, Thomas M. and Eugene S. Morton. 1995. 
Carolina Wren (Thryothorus ludovicianus), The Birds 
of North America Online (A. Poole, Ed.). Ithaca: 
Cornell Lab of Ornithology; Retrieved from the Birds 
of North America Online: 
http://bna.birds.cornell.edu/bna/species/188doi:10.2
173/bna.188
Jackson et al. (2011) reported a site-specific Carolina 
wren predation rates of 14.5% +/- 6.1% for the 
contaminated South River and 19.6% +/- 7.8% for 
their reference sites on the Middle River and upstream 
of the contamined site.  The nest predation rate for 
Region 1 was defined by the reference site nest 
predataion rate.  Half of region 2 is upstream of the 
contamination source and therefore the average of 
the two predation rates was used.  For all other 
regions the contaminated site nest predataion rate 
was used. 
Frequency (%)
Frequency (%)
Winter air temperature
Site specific nest predation rate Site specific 
Relative abundance of caroline 
wren from biota sampling.  
Abundance
(Jackson et al. 2011, Cristol et al. 2010)
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Table	  6.	  Overall	  risk	  score	  reported	  by	  risk	  region	  for	  smallmouth	  bass,	  white	  sucker,	  Belted	  Kingfisher	  and	  Carolina	  Wren	  	   Smallmouth	  Bass	   White	  Sucker	   Belted	  Kingfisher	   Carolina	  Wren	  	  	   Risk	   Stdev	   Risk	   Stdev	   Risk	   Stdev	   Risk	   Stdev	  Region	  1	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	  Region	  2	   2.5	   2.4	   3.32	   2.7	   2.49	   2	   1.06	   1.5	  Region	  3	   2.84	   2.4	   2.71	   2.6	   1.59	   1.8	   1.77	   1.7	  Region	  4	   4.51	   2	   2.67	   2.6	   1.97	   1.9	   2.85	   1.9	  Region	  5	   5.57	   1.3	   2.04	   2.4	   2.14	   2.1	   2.75	   1.9	  Region	  6	   3.63	   2.3	   2.14	   2.4	   1.7	   1.9	   -­‐-­‐	   -­‐-­‐	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Table	  7.	  Summary	  of	  input	  parameters	  with	  largest	  contribution	  to	  overall	  risk	  scores.	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Figure	  1.	  South	  River	  study	  area	  with	  risk	  region	  divisions	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
57	  
	  Figure	  2.	  Summary	  of	  risk	  scores	  by	  region	  for	  smallmouth	  bass,	  white	  sucker,	  Belted	  Kingfisher	  and	  Carolina	  Wren.	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  Figure	  3.	  Smallmouth	  bass	  current	  risk	  scenario	  for	  region	  5	  	  	  
59	  
Figure	  4.	  Smallmouth	  bass	  low	  risk	  scenario	  for	  region	  5	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Figure	  5.	  Mercury	  and	  river	  temperature	  input	  parameter	  comparison	  for	  100%	  low	  risk	  simulation.	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Figure	  A1.	  Smallmouth	  bass	  conceptual	  model	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Figure	  A2.	  White	  sucker	  conceptual	  model.	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Figure	  A3.	  Belted	  Kingfisher	  conceptual	  model.	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Figure	  A4.	  Carolina	  Wren	  conceptual	  model.	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Figure	  	  B1.1	  	  Smallmouth	  bass	  region	  2	  Bayesian	  network	  results	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Figure	  B1.2	  	  Smallmouth	  bass	  region	  3	  Bayesian	  network	  results	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Figure	  B1.3	  Smallmouth	  bass	  region	  4	  Bayesian	  network	  results	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Figure	  B1.4	  Smallmouth	  bass	  region	  5	  Bayesian	  network	  results	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Figure	  B1.5	  Smallmouth	  bass	  region	  6	  Bayesian	  network	  results	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Figure	  B2.1	  White	  sucker	  Region	  2	  Bayesian	  network	  results	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Figure	  B2.2	  White	  sucker	  Region	  3	  Bayesian	  network	  results	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Figure	  B2.3	  White	  sucker	  Region	  4	  Bayesian	  network	  results	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Figure	  B2.4	  White	  sucker	  Region	  5	  Bayesian	  network	  results	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Figure	  B2.5	  White	  sucker	  Region	  6	  Bayesian	  network	  results	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Figure	  B3.1	  Belted	  Kingfisher	  region	  2	  Bayesian	  network	  results	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Figure	  B3.2	  Belted	  Kingfisher	  region	  3	  Bayesian	  network	  results	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Figure	  B3.3	  Belted	  Kingfisher	  region	  4	  Bayesian	  network	  results	  	  
80	  
Figure	  B3.4	  Belted	  Kingfisher	  region	  5	  Bayesian	  network	  results	  	  
81	  
Figure	  B3.5	  Belted	  Kingfisher	  region	  6	  Bayesian	  network	  results	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Figure	  B4.1	  Carolina	  Wren	  region	  2	  Bayesian	  network	  results	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Figure	  B4.2	  Carolina	  Wren	  region	  3	  Bayesian	  network	  results	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Figure	  B4.3	  Carolina	  Wren	  region	  4	  Bayesian	  network	  results	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Figure	  B4.4	  Carolina	  Wren	  region	  5	  Bayesian	  network	  result	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Figure	  C1	  Smallmouth	  bass	  overall	  risk	  regional	  summary	  map	  
88	  
Figure	  C2	  White	  sucker	  overall	  risk	  regional	  summary	  map	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Figure	  C3	  Belted	  Kingfisher	  overall	  risk	  regional	  summary	  map	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Figure	  C4	  Carolina	  Wren	  overall	  risk	  regional	  summary	  map	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Table	  D1.	  Degree	  of	  entropy	  reduction	  of	  input	  parameters	  to	  the	  overall	  risk	  score.	  
-­‐-­‐	  Degree	  of	  entropy	  reduction	  could	  not	  be	  calculated	  either	  because	  data	  were	  not	  available	  or	  because	  parameter	  contained	  only	  two	  states.	  	  	  
Species
Input Parameter
Entropy Entropy 
Reduction
Entropy Entropy 
Reduction
Entropy Entropy 
Reduction
Entropy Entropy 
Reduction
Entropy Entropy 
Reduction
Mercury 6.9E-03 3.6E-03 2.6E-03 1.3E-03 6.4E-03 4.0E-03 2.7E-03 3.7E-03 3.0E-02 1.5E-02
PAH 1.3E-04 6.8E-05 7.4E-04 3.8E-04 2.9E-04 1.8E-04 2.5E-04 3.4E-04 2.4E-03 1.3E-03
Pesticide -- -- 2.4E-04 1.3E-04 4.9E-04 3.1E-02 -- -- 2.4E-03 1.3E-03
River Temperature 1.4E-02 7.4E-03 7.1E-03 3.7E-03 2.4E-02 1.5E-02 1.8E-02 2.4E-02 3.1E-02 1.6E-02
Turbidity 8.0E-04 4.2E-04 3.4E-04 1.7E-04 1.4E-03 8.4E-04 1.4E-03 1.9E-03 1.6E-03 8.3E-04
Abundance 3.6E-01 1.9E-01 4.2E-01 2.2E-01 1.1E-01 6.9E-02 8.5E-02 1.1E-01 5.5E-02 2.9E-02
Mercury 9.8E-03 5.7E-03 2.1E-02 1.1E-02 4.3E-02 2.4E-02 1.0E-02 5.6E-03 2.7E-03 1.5E-03
PAH 1.0E-02 5.8E-03 1.5E-02 8.1E-03 3.8E-03 2.1E-03 6.9E-02 3.9E-02 6.1E-02 3.3E-02
Pesticide -- -- -- -- -- -- -- -- -- --
River Temperature 2.3E-02 1.4E-02 5.1E-02 2.8E-02 5.3E-02 2.9E-02 2.1E-02 1.2E-02 1.9E-02 1.0E-02
Stream Cover 9.5E-03 5.6E-03 6.3E-02 3.4E-02 1.5E-02 8.2E-03 6.5E-03 3.6E-03 9.7E-03 5.3E-03
Abundance 4.7E-02 2.8E-02 6.7E-02 3.7E-02 6.5E-02 3.6E-02 2.6E-01 1.5E-01 2.8E-01 1.5E-01
Mercury 1.5E-01 8.0E-02 1.5E-01 8.7E-02 1.7E-01 9.4E-02 2.0E-01 1.0E-01 5.4E-02 3.1E-02
PAH 2.8E-06 1.5E-06 4.5E-06 4.5E-06 1.2E-06 6.5E-07 8.1E-06 4.3E-06 2.1E-04 1.2E-04
Pesticide -- -- 5.9E-04 3.5E-04 6.0E-04 3.3E-04 -- -- 1.1E-02 6.5E-03
Landuse 4.4E-02 2.3E-02 4.1E-02 2.4E-02 2.5E-02 1.4E-02 1.1E-02 5.9E-03 1.8E-02 1.0E-02
Territory 2.6E-02 1.4E-02 3.4E-03 2.0E-03 2.9E-02 1.6E-02 2.3E-02 1.3E-02 4.1E-02 2.4E-02
Fish Length 7.4E-02 3.9E-02 1.0E-01 6.1E-02 7.9E-02 4.3E-02 9.2E-02 4.9E-02 8.8E-02 5.1E-02
Submerged Aquatic Vegetation 5.7E-03 3.0E-03 9.6E-03 5.7E-03 7.0E-03 3.8E-03 1.8E-03 9.8E-04 1.3E-02 7.7E-03
Trubidity 1.3E-03 6.7E-04 6.8E-04 4.0E-04 4.2E-04 2.3E-04 2.4E-03 1.3E-03 1.7E-02 1.0E-02
Nest Predation 5.4E-04 2.8E-04 8.7E-04 5.2E-04 7.5E-04 4.1E-04 6.8E-04 3.6E-04 9.6E-04 5.6E-04
Mercury -- -- 1.1E-01 6.3E-02 8.9E-02 4.7E-02 1.2E-01 6.2E-02 -- --
PAH 1.3E-05 9.7E-06 8.6E-06 5.0E-06 1.3E-06 7.1E-07 5.4E-05 2.9E-05 -- --
Pesticide -- -- 3.4E-04 2.0E-04 1.9E-04 1.0E-04 -- -- -- --
Potential Habitat 6.1E-02 4.4E-02 2.2E-02 1.3E-02 7.2E-03 3.8E-03 1.2E-02 6.5E-03 -- --
Abundance 3.8E-02 2.8E-02 3.9E-02 2.3E-02 2.7E-02 1.4E-02 3.8E-02 2.0E-02 -- --
Temperature 2.4E-02 1.7E-02 2.2E-02 1.3E-02 1.6E-02 8.4E-03 1.5E-02 7.9E-03 -- --
Nest Predation 6.1E-02 4.4E-02 5.7E-02 3.3E-02 3.4E-02 1.8E-02 3.6E-02 1.9E-02 -- --
White 
Sucker
Belted 
Kingfisher
Carolina 
Wren
Smallmouth 
Bass
Region 2 Region 3 Region 4 Region 5 Region 6
